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Preface 



While books have been written on many topics of Polymer Science, no compre- 
hensive treatise on long-chain branching has ever been composed. This series of 
reviews in Volume 142 and 143 of Advances in Polymer Science tries to fill this 
gap by highlighting active areas of research on branched polymers. 

Long-chain branching is a phenomenon observed in synthetic polymers and 
in some natural polysaccharides. It has long been recognized as a major mole- 
cular parameter of macromolecules. Its presence was first surmised by H. Stau- 
dinger and G. V. Schulz (Ber. 68, 2320, 1935). Interestingly, their method of iden- 
tification by means of the abnormal relation between intrinsic viscosity and 
molecular weight has survived to this day. Indeed, the most sophisticated 
method for analysis of long-chain branching uses size exclusion fractionation 
with the simultaneous recording of mass, molecular weight and intrinsic visco- 
sity of the fractions. 

In the 1940s and 1950s, random branching in polymers and its effect on their 
properties was studied by Stockmayer, Flory, Zimm and many others. Their work 
remains a milestone on the subject to this day. Flory dedicated several chapters 
of his ‘'Principles of Polymer Chemistry” to non-linear polymers. Especially 
important at that time was the view that randomly branched polymers are inter- 
mediates to polymeric networks. Further developments in randomly branched 
polymers came from the introduction of percolation theory. The modern aspec- 
ts of this topic are elaborated here in the chapter by W. Burchard. 

As polymer science developed, greater control over the architecture of poly- 
mer molecules was obtained. In polyolefins synthesis, this was due to the intro- 
duction of new catalysts. The development of anionic living polymerization with 
the concomitant formation of narrow molecular weight distribution polymers 
and an highly reactive functional end group opened the route not only to block 
copolymers but also to branched polymers with highly controlled architectures 
such as stars, combs and graft copolymers. The model polymers allowed us to 
establish relations between the molecular architecture and the physical pro- 
perties of the branched polymers. This development has been reviewed by e.g. 
G.S. Grest et al. Adv. Chem. Phys. 94, 65 (1996). 

One chapter in this series deals with the newer use of cationic polymerization 
to form polymers and copolymers with controlled long- chain branched struc- 
tures. Another chapter deals with the use of anionic polymerization to prepare 
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asymmetric star polymers. The asymmetry is introduced when the arms of the 
polymer differ in molecular weight, chemical composition or in their topologi- 
cal placement. The synthesis of these polymers has led to new insights in micro- 
separation processes of block copolymers. Anionic and cationic living polyme- 
rization has also led to macromonomers. Highlights of recent developments in 
poly(macromonomer s) homo, comb and graft copolymers are reviewed by K. Ito. 
The poly(macromonomers) with their multiple densely packed small linear sub- 
chains often lead to monomolecular micelles. 

Very recently, highly regular, highly controlled, dense branching has been 
developed. The resulting “dendrimers” often have a spherical shape with special 
interior and surface properties. The synthesis and properties of dendrimers has 
been reviewed (see e.g. G.R. Newkome et al. “Dendritic Molecules”, VCH, 1996), 
In this series, a chapter deals with the molecular dimensions of dendrimers and 
with dendrimer-polymer hybrids. One possible development of such materials 
may be in the fields of biochemistry and biomaterials. The less perfect “hyper- 
branched polymers” synthesized from A 2 B-type monomers offer a real hope for 
large scale commercialization. A review of the present status of research on 
hyperbranched polymers is included. 

The link between the long-chain branch structure and the properties of the 
polymer has to be established experimentally by means of model branched poly- 
mers. This link can also be derived theoretically or through computer modeling. 
As a result, a large sub-field of study has emerged. The methods and results of 
this theoretical work are systematically reviewed by J. Freire. Where available, 
comparisons with experimental results are made. 

The final chapter develops the most modern insights in the relation between 
the rheological properties and the large scale architecture of polymers. Indeed, 
the largest effects of branching are encountered in their melt relaxation pro- 
perties. In the absence of reptation, which dominates relaxation processes in 
linear polymers, a rich variety of other relaxation processes becomes apparent. 
The control ot the melt properties of polymers by means of their long-chain 
branch architecture will continue to lead to new industrial applications. 



Ottawa, July 1998 



J. Roovers 
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SiVE 2-[(ferf-butyldimethylsilyl)oxy]ethyl vinyl ether 

S-PIB p-poly(isobutylene)styrene 

fBOS p-tert-butoxystyrene 

THE tetrahydrofuran 

TMPCl 2-chloro-2,4,4-trimethylpentane 

VOEM diethyl 2-(vinyloxy)ethyl malonate 

[ ] molar concentration 

1 

Introduction 

The discovery of living cationic polymerization in the mid-1980s provided a 
valuable new tool in the synthesis of well-defined macromolecules with control- 
led molecular weight, narrow molecular weight distribution, and high degree of 
compositional homogeneity. While linear propagation was the main focus of re- 
search in the early years of discovery, recently non-linear polymer architectures 
such as star, branched, and hyperbran ched polymers have gained interest due to 
their interesting and sometimes unexpected properties opening new areas of ap- 
plications. This review is intended to cover new developments in branched pol- 
ymers via cationic polymerization of vinyl monomers. Living cationic ring- 
opening polymerization (ROP) is outside the scope of this review and therefore 
only those articles are referred to which make use of cationic vinyl polymeriza- 
tion in addition of ROP. Due to space limitations, a review of monomers that un- 
dergo living/controlled cationic polymerization, initiating systems, and general 
experimental condition is not provided. The reader is referred to two excellent 
books on the subject matter [1, 2]. This review is intended to be comprehensive, 
and therefore the literature was thoroughly searched using different key words 
in September 1997. It is nevertheless conceivable that inadvertently some publi- 
cations were missed. For this we apologize. Publications that appeared after this 
date may not have been reviewed. 

2 

Multi-Arm Star (co)Polymers 

Multiarm star (co)polymers can be defined as branched (co)polymers in which 
three or more either similar or different linear homopolymers or copolymers are 
linked together to a single core. The nomenclature that will be used follows the 
usual convention: 

- Aj^-type star corresponds to a star with n similar homopolymer branches 
(n>2) 

- (AB)j^-type star corresponds to a star with n similar AB block copolymer 
branches 

- Aj^Bj^-type star corresponds to a star with n branches of the homopolymer A 
and m branches of the homopolymer B 
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- ABC, ABCD ... etc -type star corresponds to a star with 3, 4 ... etc different 

branches 

Depending on the target structure and on the availability of initiators and 
linkers, three main methods can be applied for the synthesis: core-first tech- 
niques, core-last techniques, and mixed techniques. 

In the first case, the arms are grown together from a single core which can be 
either a microgel with an average number of potentially active sites or a well-de- 
fined multifunctional initiator. However, to our knowledge, although there is no 
specific limitation, cationic polymerization involving a microgel multifunction- 
al initiator has not been reported. Functionalization of the free end of the 
branches can also be performed by quenching with a functional terminator. 

In the second case, first the arms are synthesized separately and then linked 
together using either a well-defined multifunctional terminator or a difunction- 
al monomer leading to a cross-linked core. The free end of the branches may 
contain functional groups by using a functional initiator for the preparation of 
the arms. 

Both techniques generally lead to Aj^ or (AB)j^ stars with branches of identical 
nature and similar composition and length. 

Although in anionic polymerization sequential coupling reactions with me- 
thyl trichlorosilane or tetrachlorosilane have been used to obtain ABC or ABCD 
heteroarm stars with three or four different branches respectively, such tech- 
nique is not available in cationic polymerization due to the lack of suitable cou- 
pling agents. To prepare stars with different branches, most methods employ 
mixed techniques. The first one is derived from the microgel core method ap- 
plied in three sequential steps: first stage polymerization to give a linear (co)pol- 
ymer, linking via a divinyl monomer, second stage polymerization initiated by 
the active sites incorporated in the microgel core. The second method is based 
on the use of a living coupling agent which is a non-homopolymerizable multi- 
vinylic monomer. Upon addition of the living arms to the double bonds, new ac- 
tive species arise that can be used to initiate a second stage polymerization lead- 
ing to new branches. To date, only one example could be found using living cat- 
ionic polymerization. 

2.1 

Synthesis Using a Difunctional Monomer as a Linker (Cross-Linked Core) 

In cationic polymerization, this technique has been used only as a core-last tech- 
nique. It is based on the ability of a linear living polymer chain to act as a mac- 
roinitiator for a second monomer. When the second monomer is a divinyl com- 
pound, pendant vinyl groups are incorporated in the second block leading to 
cross-linking reactions which may occur during and after formation of the sec- 
ond block. These reactions provide multi-branched structures where the arms 
are linked together to a compact microgel core of the divinyl second monomer. 
This method is particularly suited to prepare stars with many arms. The average 
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number of arms per molecule is a function of several experimental and structur- 
al parameters which will be discussed below. With this technique, Aj^-, (AB)j^-, 
and Aj^Bj^-type star polymers could be synthesized. 



2.1.1 

A„-Type Star Homopolymers 

2.1.1.1 

Poly(vinyl ethers) „ 

The first synthesis of star polymers with a microgel core was reported by Sa- 
wamoto et al. for poly(isobutyl vinyl ether) (poly(IBVE)) [3, 4]. In the first step, 
living cationic polymerization of IBVE was carried out with the HI/Znl 2 initiat- 
ing system in toluene at -40 °C. Subsequent coupling of the living ends was per- 
formed with the various divinyl ethers 1-4. 





( 2 ) 

(3) 

(4) 



Typically, the coupling reaction was carried out at the end of the first stage po- 
lymerization after complete conversion of the monomer, under the same exper- 
imental conditions. For example, a living poly(IBVE) with DPj^=38 and narrow 
MWD was allowed to react with the divinyl ether 1 at r=[l]/[living ends] =5 with 
[living ends] =8.3 mmol l“h The extent of coupling was followed by SEC of sam- 
ples withdrawn at various reaction times (Fig. 1) and NMR analysis of the 
product was used to provide structural information. The coupling agent was 
progressively consumed and simultaneously the SEC peak of the linear polymer 
shifted towards slightly lower elution volume (higher MW). This intermediate 
product strongly absorbed in the UV range at 256 nm, and was ascribed to a 
block copolymer of IBVE and 1 with only one reacted double bond per divinyl 
monomer (block copolymer with pendant vinyl functions, see Scheme 1). A still 
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Fig.lA-E. MWD of the products obtained from the reaction of living poly(IBVE) with divi- 
nyl ether 1 in toluene at - 40 °C: DP^j.j^=38, [living ends] =8.3 mmol 1"^ r=5.0: A living po- 
ly(IBVE): [IBVE]o=0.38 mol l-^ [HI]o=10 mmol l-^ [Znl2]o=0.2 mmol l-^ IBVE conver- 
sion=100% in 45 min; B-E the products recovered after the reaction with 1. Reaction time 
after addition of 1: (B) 10 min, (C) 30 min, (D) 1 h, (E) 18 h [star-shaped poly(IBVE)]. Re- 
printed with permission from [3]. Copyright 1991 Am. Chem. Soc. 



higher MW peak appeared indicating the simultaneous formation of star poly- 
mers. Some low MW byproducts, assigned to homopolymer of 1 were also ob- 
served. These progressively disappeared from the SEC chromatograms due to 
their ability to react with the intermediate products of the reaction. As 1 was 
consumed, the proportion of the intermediate product (block copolymer of 
IBVE and 1) slowly decreased while the highest MW peak intensity increased 
and its position shifted towards higher MW. After 18 h, the coupling agent was 
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CH2=CH - 
I 

OR 

Vinyl ether ( 1 ) 



Hl/Znio 6- 

► CH3— CH CH2— CH— I— Znl2 



OR 



I 

OR 



Linear living polymer (arm) 



CH3— CH- 
I 

OR 



8 + 8 - ^ 

CHj— CH— I— Znl2 ► 

OR 



8 + 8 - 




Block copolymer of (1) and (2) 




star-shaped polymer with 
monodisperse arms 
and microgel core 



Scheme 1 



completely consumed and the SEC showed a main high MW peak of relatively 
narrow MWD (M^/Mj^=1.35) together with the still remaining lower MW inter- 
mediate block copolymer of IBVE and 1. The yield of the star polymer was not 
determined. 

Based on the NMR spectra, the main product was a star poly(IBVE) where 
the protons of poly(IBVE) could be recognized together with those of the divinyl 
monomer in which vinylic protons had completely disappeared. The signals as- 
signable to the aromatic protons of 1 broadened, which indicated more restrict- 
ed motion supporting the formation of a microgel core. Furthermore, small-an- 
gle laser light scattering was used to determine the absolute MWs and allowed 
one to calculate therefrom the average number of arms. The M^ determined by 
light scattering was much higher than the corresponding value from SEC, pro- 
viding additional evidence for the formation of a more compact structure than 
the linear counterparts. As a conclusion, experimental evidence supported the 
formation of star poly(IBVE) with monodisperse arms connected to a single 
cross-linked core. A variety of star polymers were prepared where, depending 
on experimental conditions, the average number of arms ranged from 3 to 59 
and overall M^ from 20,000 to 400,000 g mol"k 

The effect of reaction conditions on the yield, overall molecular weight (MW) 
and structure of the final polymer was investigated. The studied parameters 
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were: the length of the arms (DPj^), the initial concentration of the linear precur- 
sor [poly(IBVE)], and the value of the molar ratio r= [divinyl compound] /[po- 
ly(IBVE)]. The major conclusions are the following: 

- when r is increased, the yield of star polymer increases together with its MW 
and its average arm number; these last two points being correlated with an in- 
crease of the weight fraction of the core 

- when [poly(IBVE)] is increased, the MW of the final product as well as the av- 
erage number of arms increases (in the studied series, the star polymer yield 
was high and independent of [poly(IBVE)] because very favorable conditions 
were used, i.e., high value of r and short arm) 

- when the length of the arms is short, the overall MW is lower but the star pol- 
ymer yield as well as the number of arms is higher; this indicates that the 
intermolecular linking reaction of the intermediate block copolymer of IBVE 
and 1 is sterically less hindered for shorter chains. 



In addition to the effect of the experimental conditions, the infiuence of the 
nature of the arms and of the divinyl compound was also studied. It was shown 
that bulkiness of the arms strongly infiuences the yield of star polymer; for in- 
stance, arms of poly(cetyl vinyl ether) were linked in very low yield as compared 
with poly(IBVE). The infiuence of the structure of the divinyl ether was investi- 
gated and appears to be of great importance. Coupling with 3 and 4 led to low 
yield of star polymer, while the efficiency of 1 and 2 was much higher. The ex- 
planation provided by the authors was that compact and fiexible spacers be- 
tween the two vinyl groups of 3 and 4 could lead to smaller cores where further 
reaction of incoming chains would be sterically hindered. 

2.1 .1.2 

Poly(alkoxystyrenes)„ 

Preparation of star polymers of p-methoxystyrene (p-MOS) andp-tert-butoxy- 
styrene (fBOS) using two different bifunctional vinyl compounds 1 and 5 was re- 
ported by Deng et al. [5]. 



H.C, 



CH 






OCH2CH2CH2O 






.CHo 



CH 



( 5 ) 



Living cationic polymerization of both styrenic monomers was carried out 
with the use of the HI/Znl 2 initiating system in CH 2 CI 2 at -15 °C in the presence 
of tetra-n-butylammonium iodide. The obtained living polymers of p-MOS of 
various lengths were allowed to react with both divinyl monomers 1 and 5 with 
a ratio r=3 to 7. With 1 the yield of star polymer was very low and a large amount 
of poly(p-MOS) remained unreacted. This was ascribed to the much higher re- 
activity of the divinyl ether compared with the styrenic monomer. This led to a 
very fast second stage polymerization and the major part of the linear precursor 
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remained unreacted. In contrast, with the styrenic divinyl compound 5, high 
yield and quantitative consumption of poly(p-MOS) and 5 were obtained. This 
result demonstrated that the nature of the divinyl compound is of major impor- 
tance and that it should have a structure and reactivity similar to those of the 
living end of the linear polymer chain. Formation of the star polymer (yield 
>90%) was shown to follow the same pathway as previously described for po- 
ly(IBVE) in Scheme 1. NMR and SEC characterization of the final product cor- 
roborated the conclusion that star polymers were obtained with monodisperse 
linear arms linked to a central cross-linked core. The determined by light 
scattering ranged from 50,000 to 600,000 g mol"^ and the average number of 
arms from 7 to 50 per molecule. The infiuence of experimental conditions on 
the stars characteristics were found to be similar to findings with vinyl ether 
monomers. One unexplained difference however was the near independence of 
the number of arms on the length of the linear poly(p-MOS) (especially for r= 
5) whereas for the poly(IBVE), a continuous decrease with increasing DPj^ was 
observed. 

Star polymers of poly(f-BOS) were also synthesized in high yield using the di- 
vinyl compound 5 indicating that the slight increase in bulkiness of the pendant 
groups of the linear polymer had little infiuence. 

2.1. 1.3 

Poly (isobutylene) „ 

The first synthesis of multiarm star polyisobutylene (PIB), with DPj^(^j.j^)=116 
and the average number of arms=56, was described by Marsalko et al. [6]. The 
procedure started with the “living” polymerization of IB by the 2-chloro-2,4,4- 
trimethylpentane (TMPCl)/TiCl 4 initiating system in CH 2 Cl 2 /hexane (50/50 v/v) 
at -40 °C in the presence of triethylamine. At -95% IB conversion, divinylben- 
zene (DVB, 6, containing 20% ethyl vinylbenzene) was added to effect linking at 
r=[DVB]/[TMPCl] = 10. 




The exact time of the addition of the linking agent is important. DVB addition 
at lower IB conversion led to undesirable ill-defined low MW products, whereas 
addition of DVB at 100% IB conversion may result in loss of livingness. Linking 
was relatively slow but efficient, and the final product after 96 h contained less 
than 4% unlinked PIB arms. Various other reactions such as intramolecular cy- 
clization, star-star linking, etc., were reportedly also involved. The star structure 
was proven by determining the by light scattering, then selectively destroy- 
ing the aromatic core by trifiuoroperacetic acid, and determining the MW of the 
surviving PIB arms. The effect of [DVB] was studied in a separate investigation 
using r= [DVB]/ [PIB] =2.5, 5, 7.5, and 10 [7]. The rate of star formation increased 
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with increasing r. Between 48 and 96 h the MW increased dramatically due to 
intermolecular star-star coupling, the extent of which was proportional to r. Due 
to star-star linking, the MWD of the final product after 96 h was broad (weight 
average number of arms=110, M^/Mj^=2.9). For star PIBs with longer arms 
(M^=18,700-l 16,100 g mol"^) the polymerization of IB and linking was per- 
formed at -80 °C. It was found that with increasing arm length the rate of star 
formation rapidly diminished, presumably due to the lower rate of star-star cou- 
pling. Based on the observation that star-star coupling is absent when the mo- 
lecular weight of the arm is higher than M^=18,700 g mol"\ it was postulated 
that relatively large arms sterically hinder star-star coupling. This however may 
not be the only factor determining the presence or absence of star-star coupling 
since linking of the longer arms was carried out at lower temperature (-80 °C). 
The effect of the nature of the divinyl monomer was also studied; in contrast to 
6 , diisopropenylbenzene (DIPB, 7) was found to be inefficient. 

CH 3 CH 3 

(7) 

The synthesis of multiarm star PIB has also been attempted by the TMP- 
Cl/TiCl 4 initiating system in CH 3 Cl/hexane (40/60 v/v) at -80 °C in the presence 
of pyridine using 6 and 7 as the core forming monomers [ 8 ]. Similar to findings 
by Marsalko et al. [7], DIPB was found to be inferior in comparison with DVB, 
due to slow and incomplete star formation. With DVB the star polymer formed 
more rapidly and using a [DVB]/[TMPC1] = 10 ratio to effect linking, star with 
DPn(arm)=750 and the average number of arms=23 was obtained in 18.5 h with 
only 4% unlinked PIB arm. Importantly, star-star linking was found to be absent 
at -80 °C, and thus the product exhibited a relatively narrow MWD. The effect of 
the PIB arm length on the synthesis of multiarm star PIB was also investigated 
[9]. Similarly to results reported by Marsalko et al. [7, 10], it was found that with 
increasing arm MW (from 10,000 to 56,000 g mol"^), dramatically increased 
linking times (from 24 to 568 h) were necessary to ensure high incorporation of 
the PIB arms into the star molecule. Simultaneously, the weight average number 
of arms decreased from 54 to 5 respectively. It was also found that the intrinsic 
viscosity of the star PIB was much lower than that of a linear analog of an equiv- 
alent MW. 

Structure-property relationship of multiarm star PIBs has been investigated 
by a variety of techniques including viscometry, pour points, electron microsco- 
py, and ultrasonic degradation [11]. The intrinsic viscosity of star PIBs changes 
very little in the 30-100 °C range in contrast to that of linear PIBs of the same 
MW which increases strongly with temperature. The viscosity of star PIBs was 
mainly determined by the MW of the arm and was relatively independent of the 
number of arms. Transmission electron micrograph of a star PIB showed a 
spherical shape with 55±4 nm in diameter which was in reasonable agreement 
with the radius of gyration Rg=27 nm determined from light scattering. The 
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pour points of both linear and star PIB oil solutions were found to be similar to 
a commercial polyisoprene star viscosity improver. Star PIBs are of considerable 
interest as viscosity modifiers in motor oils, due to their expected shear stability. 
This was determined using sonic testing which provides qualitative information 
for mechanical shear degradation. Interestingly, it was found that higher order 
stars formed by star-star coupling are very sensitive to sonification. These high- 
er order stars strongly increase the kinematic viscosity, although they are unsta- 
ble under mechanical shear as it was observed that sonification even for 5 min 
decreases the kinematic viscosity. 

Functional star-branched PIBs were prepared in high yield by Wang et al. 
[12], based on living cationic polymerization via haloboration initiation. First, 
living PIBs carrying X2B- head groups (X=C1 or Br) were prepared via halobo- 
ration-initiation at -40 °C in CH2CI2 in the presence of 2,6-di-ferf-butylpyridine 
(DTBP). For the synthesis of PIBs with very short arms (DPj^ ~ 6), BBr3 was used. 
After 4 h the unreacted monomer was evaporated, the mixture was cooled to - 
60 °C and BCI3 was added, followed by the introduction of DVB. After 4 h linking 
time, the linear PIB arm was completely consumed, and star polymer with a rel- 
atively narrow MWD (M^/Mj^=1.4) was obtained. For the synthesis of arm PIBs 
with DPj^=56, BCI3 was used. After polymerization the reaction mixtures were 
warmed to room temperature and the excess BCI3 and CH2CI2 were evaporated. 
The solvent mixture CH3Cl/hexane (40/60 v/v) was added to dissolve the poly- 
mer, followed by the addition of TiCl4. The temperature was lowered to -60 °C, 
and DVB was introduced. increased linearly with star polymer yields up 

to 4 h (86% yield). At longer reaction times intermolecular star-star linking was 
observed. When the CH2Cl2/hexane (40/60 v/v) solvent system was used for the 
linking reaction the star-star linking was much faster and occurred simultane- 
ously with linking of the PIB arms. This reaction was not observed when BCI3 
was used in the linking reaction. Since intermolecular alkylation is absent in the 
living polymerization of S with BCI3, but present with TiCl4, it was suggested 
that this reaction might be responsible for the star-star linking. The effects of 
DPn(arm) [DVB] /[PIB] mole ratio (r) on the yield, and the aver- 

age number of arms (f) were investigated. As expected, with constant DPj^(^j.j^), 
the yield, and f increased with the increase of r. The increase in 

[DVB]/ [PIB] mole ratio led to a parallel increase in whereas f increased 

only modestly. This may suggest that styryl cations add to the double bonds fast- 
er than PIB cations. With constant r, higher yields were obtained in 4 h with low- 
er This is likely due to the higher concentration of the living centers 

used in these experiments and not the results of lower DPj^(^j.j^). The value of f 
also increased as decreased. A similar effect was found in the synthesis 

of star polymers of alkyl vinyl ethers [3] and it was concluded that the intermo- 
lecular linking reaction is sterically less hindered for a shorter chain. The results 
of solid-state NMR spectroscopy were in line with the structure of star- 
branched PIB consisting of a cross-linked core of poly(DVB) to which almost 
monodisperse PIB chains are radially attached. 
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2.1.2 

(AB)„-Type Star Block Copolymers 



2.1 .2.1 

Poly (vinyl ether-b-vinyl ether) „ 

(AB)j^-type star polymers of vinyl ethers were prepared by Kanaoka et al. [13] by 
linking block copolymers of 2-acetoxyethyl vinyl ether (AcOVE) and IBVE with 
the divinyl compound 1 . After hydrolysis of the pendant ester groups, am- 
phiphilic structures were obtained. The arms were prepared by sequential living 
cationic copolymerization of AcOVE and IBVE using HI/Znl 2 as an initiating 
system, in toluene at -15 °C (when AcOVE was polymerized first) and in CH 2 CI 2 
at -40 °C (when IBVE was polymerized first). Three series of the linear precur- 
sors were prepared: poly(AcOVE-b-IBVE) with DPj^= 10+30 and DPj^=30+10 
and poly(IBVE-b-AcOVE) with DPj^= 10+30. The resulting block copolymers 
were allowed to react with 1 added in a ratio r=5 after complete conversion of 
the monomers. For all series the final polymer had much higher MW than the 
starting arms and the yield of star polymer was claimed to be high although no 
value was reported. (from about 50,000 to 100,000 g mol ^) was measured by 
light scattering, from which the average number of arms, ranging from 8 to 16, 
was calculated. An increase of f was observed when the length of the po- 
ly( AcOVE) segment was increased, independently of its position in the copoly- 
mer chain. This was attributed to a decrease of steric hindrance. Additional evi- 
dence for the star structure was provided by NMR analysis. Depending on which 
monomer was polymerized first, two types of star-shaped structure could be ob- 
tained after complete hydrolysis, i.e., with the hydrophilic segments on the in- 
side or on the outside of the molecule. Their solubility properties were essential- 
ly governed by the structure of the outer segments and were clearly different 
from those of the corresponding linear block copolymers. 

Some analogous amphiphilic star block copolymers were prepared by replac- 
ing AcOVE by a vinyl ether with a malonate ester pendant group (diethyl 2-(vi- 
nyloxy)ethyl malonate; VOEM: CH2=CH-0-CH2CH2CH(C00C2H5)2) [14]. The 
block copolymers were prepared by sequential living cationic polymerization 
and were linked together using the difunctional vinyl ether 1 with r=5. With the 
two following block copolymers, poly(VOEMio-^^-IBVE 3 o) and poly(IBVE3o-^7- 
VOEM^o)> the average number of arms was six and five respectively and de- 
termined by light scattering, was about 40,000 gmol"k Invariably, a small 
amount of low MW polymer was recovered which was assigned to the block co- 
polymer with some 1 units as terminal segments. Moreover, due to an increase 
of steric hindrance in the core, the yield of star polymer was found to be lower 
when the poly( VOEM) segment was in the inner part. Further alkaline hydroly- 
sis of the esters led to hydrophilic segments with diacid pendant groups. Subse- 
quent decarboxylation led to the monoacid counterparts. As previously, two 
types of stars were prepared according to the polymerization sequence for the 
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preparation of the arms. The solubility properties of these star block copolymers 
were essentially determined by the nature of the outer block. 



2.1. 2.2 

Poly(isobutylene-b-styrene)„ 

In US patent 5,395,885 (1995) Kennedy et al. disclosed and specifically claimed 
star polymers with PS-PIB block copolymer arms, formed by linking with DVB 
and related diolefins. Examples however were not provided. Subsequently Storey 
and Shoemake [15] published the synthesis and characterization of multiarm 
star polymers based on PS-PIB block copolymer arms using essentially the same 
method. First S was polymerized with the cumyl chloride/TiCl 4 initiating system 
in the presence of pyridine in hexane/methylchloride (60/40 v/v) at -80 °C. At 
high (unspecified) S conversion the desired amount of IB was added and polym- 
erized to obtain the PS-PIB block copolymer arm. SEC traces (presumably Dif- 
ferential Refractive Index, DRI) are given to show that the amount of homopol- 
ystyrene is small. This is unconvincing, however, in light of the small MW dif- 
ference between the IB segment (Mj^=1900 g mol“^) and PS segment (Mj^= 
28,500 g mol"^). The SEC UV trace, which would clearly show the extent of 
blocking, was not shown. The PS-PIB block copolymer arms were next reacted 
with DVB at [DVB] /[chain end] = 10. After 72 h the linking was nearly complete. 
Further increase in the linking time led to star-star coupling with marginal in- 
crease in the incorporation of the arms. To suppress star-star coupling the tem- 
perature of the star-forming reaction was increased from -80 °C to room tem- 
perature after 0.5 h reaction with DVB at -80 °C. Star formation was more rapid 
at the higher temperature and reportedly the higher temperature suppressed 
star-star coupling. This is surprising in view of findings reported by Storey et al. 
[8] in the synthesis of multiarm star PIBs, namely that star-star coupling can be 
effectively frozen out by decreasing the temperature from -40 to -80 °C. Proper- 
ties of the star block copolymers were not reported. 

Subsequently, Asthana et al. [16] published the synthesis, characterization, 
and properties of star polymers with PS-PIB block copolymer arms. In a one pot 
procedure S was first polymerized with the cumyl chloride/TiCl 4 initiating sys- 
tem in the presence of triethylamine in CH 2 Cl 2 /hexane (50/50 v/v) at -80 °C. At 
-90% S conversion, IB was added and polymerized to -95% conversion. Then 
DVB was added to effect linking of the arms. In a two pot procedure the PS-PIB 
diblock copolymer was isolated and purified. Then it was redissolved in 
CH 2 Cl 2 /hexane (60/40 v/v); triethylamine, TiCl 4 and DVB were added and link- 
ing was completed in the -56 to -25 °C range. It was reported that linking did not 
proceed below -56 °C. The SEC DRI trace of the product formed by linking PS- 
PIB (Mj^(p 5)=8900 g mol"\ Mj^(pjg)=30,000 g mol"^) for 72 h showed mainly 
higher order stars with -15% unreacted diblock copolymer. Mechanical proper- 
ties of this star polymer were compared to a linear PS-PIB-PS triblock copoly- 
mer of segment MWs of 8900-120,000-8900. It is not clear why the PIB segment 
was chosen to be twice the desired 60,000 for direct comparison with the star 
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block copolymer. Tensile strength of the star block copolymer (with 15% di- 
block contamination) was found to be 20.5 MPa, much higher compared to 
10 MPa found for the linear triblock (with 7% diblock-l-homopolymers). How- 
ever, it is still somewhat lower than the 25-26 MPa reported for well defined lin- 
ear PS-PIB-PS triblock copolymers. The melt viscosity of star block copolymer 
was found to be close to an order of magnitude lower than the linear triblock co- 
polymer over a wide range of shear rates. Again this comparison is ambiguous 
since the PIB middle segment had MW=120,000 g mol"^ and not the desired 
60,000 g mol"k It is possible that the melt viscosity of a direct linear analog with 
8900-60,000-8900 segment MWs would be more similar. 



2 . 1.3 

A„-Type Star Polymers with a Functionalized Core: Poly (vinyl ether) „ 

Star copolymers of IBVE and AcOVE were prepared where the second monomer 
was added together with the cross-linking agent [17]. Typically, IBVE was po- 
lymerized first and after complete conversion the resulting living polymer 
(DPj^=30-38) was allowed to react with a mixture of AcOVE and 1 in various pro- 
portions. Complete consumption of AcOVE and 1 ensued and soluble high MW 
star type polymers with 7-10 arms per molecule were obtained, as evidenced by 
SEC, light scattering, and NMR characterizations. In order to obtain stars with a 
true functionalized core and not the analogous (AB)j^- or Aj^Bj^-type stars, the 
second block must be a random copolymer of the monofunctional vinyl ether 
and of the difunctional one. Although 1 was found slighly more reactive than 
AcOVE, experimental evidence based on NMR and ^^C NMR relaxation time 
supported the existence of a cross-linked core with incorporated segments of 
poly( AcOVE). Hydrolysis of the pendant esters of the microgel core was found 
to yield hydroxyl functions quantitatively and solubility properties of the final 
products were studied. 



2 . 1.4 

A„B„-Type Star Copolymers: Poly(vinyl ether) „-Star-Poly(vinyl ether) „ 

Based on the same technique of core cross-linking, amphiphilic heteroarm star 
polymers of IBVE and hydrolyzed AcOVE or VOEM were prepared with inde- 
pendent arms of both homopolymers [18]. The first step consisted of the previ- 
ously described synthesis of a star polymer of IBVE with a microgel core, using 
1 as a cross-linker. The final polymer had M^=50,300 g mol“^ with an average of 
ten arms (each of DPj^=30) per molecule. This initially formed star polymer still 
carried living sites within the core which were suitable for initiation of the sec- 
ond monomer, AcOVE or VOEM. Actually, the number of newly growing arms 
per molecule should be the same as that of the first series since each active site 
comes from one initial arm. This was verified with a second stage polymeriza- 
tion of IBVE and supported by experimental results (Fig. 2), although the 
number of living sites in the core after the first stage polymerization could not 
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Fig.2A-D. MWD of star-shaped poly(IBVE) obtained in toluene at - 40 °C: A living po- 
ly(lBVE): [1BVE]q=0.19 mol 1"^ [HI]q=10 mmol 1"^ [Znl2]o=0.2 mmol 1"^ IBVE conver- 
sion= 100%; B first star polymer obtained from the reaction of living poly(IBVE) and divinyl 
ether 1: DP^j.j^=19, [living ends]=30 mmoll"^ r=3.0; C,D the products (second star poly- 
mers) obtained by the polymerization of IBVE from the living ends within the core. Molar 
ratio of the second feed of IBVE to HI (or to the living end): (C) [IBVE]^^j^j/[HI]o=19, (D) 
[IBVE]^^j^j/[HI]o=76. Reprinted with permission from [18]. Copyright 1992 ACS 



be determined by direct analysis. For the second step with a functional mono- 
mer, appropriate conditions to obtain living polymerization were applied and 
quantitative conversions of the two additional monomers were respectively 
reached, together with an increase of the average MW as observed by SEC. From 
the NMR spectra of the final polymer, the degree of polymerization of the 
second type of arms was in good agreement with the calculated value. Hydroly- 
sis of the pendant ester groups into alcohol or acid led to an amphiphilic mate- 
rial with respectively hydrophobic and hydrophilic homopolymer arms attached 
to a single microgel core. 
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Table 1 . Multiarm star polymers and copolymers with a microgel core 



Monomers 


Divinyl monomer 


Type of star 


Reference 


IBVE 


1 


An 


[3,4] 


p-MOS, tBOS 


5 


An 


[5] 


IB 


6 


An 


[6-12] 


IB 


7 


An 


[7,8] 


IBVE/AcOVE 


1 


(A)n with 

functionalized core 


[17] 






(AB)n 


[13] 






AnBn 


[18] 


IBVE/VOEM 


1 


(AB)n 


[14] 






AnBn 


[18] 


IB/S 


6 


(AB)n 


[15,16] 



The synthesis of multiarm star polymers and copolymers with a microgel 
core are listed in Table 1. 



2.2 

Synthesis Using a Multifunctional Initiator 

This technique is based on the use of well-defined soluble multifunctional initi- 
ators, which, in contrast to anionic multifunctional initiators, are readily availa- 
ble. From these multiple initiating sites a predetermined number of arms can 
grow simultaneously when the initiating functions are highly efficient inde- 
pendently of whether the other functions have reacted or not. Under these con- 
ditions the number of arms equals the number of initiating functions and living 
polymerization leads to well defined star polymers with controlled MW and 
narrow MWD. Subsequent end-functionalization and/or sequential monomer 
addition can also be performed leading to a variety of end-functionalized or 
(AB)j^ star-shaped structures. 

2.2.1 

A„-Type Star Homopolymers 

2.2.1. 1 

Poly(vinyl ethers) „ 

Three arm star polymers of IBVE were synthesized by living cationic polymeri- 
zation using trifunctional initiators 8 and 9 with the same trifiuoroacetate initi- 
ating functions but different cores [19, 20]. The experimental conditions were 
selected to obtain living polymerization. A series of acetic acid derivatives in- 
cluding trifiuoroacetic acid and the IBVE-acid adduct were found to be efficient 
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initiators for the living cationic polymerization of IBVE in conjunction with ei- 
ther ZnCl 2 , or EtAlCl 2 in the presence of a base such as 1,4-dioxane. 
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The polymerizations of IBVE were carried out with the multifunctional initi- 
ators 8 and 9 in conjunction with EtAlCl 2 and 1,4-dioxane (10 vol.% to the sol- 
vent) in n-hexane or toluene at 0 °C. To determine their initiating efficiency, the 
polymerization rates observed with these multifunctional initiators were com- 
pared with those observed with their respective monofunctional counterparts at 
the same concentration of initiating functions. For each system, the polymeriza- 
tion rates were found to be in good agreement indicating that the concentration 
of growing species was identical, i.e., all functions have initiated. The MWs, de- 
termined by SEC with polystyrene calibration, were about three times higher 
with the trifunctional initiators compared to the monofunctional analog, and 
the polymers exhibited narrow MWD. For instance, initiator 8 at 3.5 mmol 1"^ 
concentration was used to polymerize IBVE at a concentration of 0.76 mol l"h 
SEC analysis of the polymer gave apparent Mj^=23,300 g mol"^ (M^/Mj^=1.08) at 
complete conversion; using the monofunctional analog at 10 mmol 1"^ concen- 
tration the polymer had Mj^=8100 g mol“^ (M^/Mj^=1.06). It was also found that 
additional feeds of monomer after complete conversion of the first monomer in- 
crement led to a linear increase of MW in direct proportion with conversion. Af- 
ter quenching with methanol or sodiomalonic ester, the number average end 
functionality calculated using NMR spectroscopy based on integration 
of characteristic peaks of terminal function and initiator residue, was found to 
be close to three. Hydrolysis of the ester core of the star polymer obtained with 
initiator 9 led to a poly(IBVE) with Mj^ one third of the star itself and the MWD 
remained narrow. Moreover, NMR spectrum of the isolated arms indicated 
the expected structure with the hydroxyl terminal function. From this experi- 
mental evidence, the authors concluded that well-controlled three arm stars of 
poly(IBVE) were synthesized for the first time with this monomer. The star pol- 
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ymer from initiator 9 had exactly three arms with uniform and controlled length 
obtained by a living process and, after quenching, one terminal function per 
arm. The same conclusion was reached with initiator 8 although no direct exper- 
imental evidence of the structure could be given since the arms could not be sep- 
arated from the core. 

To produce four arm star polymers of IBVE the use of a tetrafunctional initi- 
ator (10) with four trifluoroacetate goups linked to a cyclohexane core was also 
investigated by the same group [21, 22]. The monomer was polymerized under 
the same conditions as previously described and the same kinds of analysis were 
performed. Comparison of rates and MWs with those of the polymerization in- 
itiated with the monofunctional analog at a four times higher concentration led 
to the conclusion that four living arms were growing from the tetrafunctional 
core. When using a monomer concentration of 0.76 mol 1“^ and an initiator con- 
centration of 2.5 mmol 1"\ SEC measurements based on polystyrene calibration 
gave an apparent Mj^=28,000 g mol“^ (M^/Mj^=1.08) whereas 8100 gmol"^ 
(M^/Mj^=1.06) was obtained with the monofunctional initiator at 10 mmol l“k A 
value of close to 4 (3.77-3.91) was calculated using NMR spectroscopy af- 
ter termination with the sodium salt of benzyl malonate. 




2.2.1 .2 

Poly(p-methoxystyrene)„ 

Two derivatives of the trifunctional initiators 8 and 9 (respectively, 1 1 =CH 3 -C[p- 
C 6 H 40 CH 2 CH 20 CH(CH 3 )-I ]3 and 12=C6H3-( 1,3,5-) [C00CH2CH20CH(CH3)-I]3) 
with an iodine atom at the place of the trifluoroacetate group were used to syn- 
thesize three arm star polymers of p-MOS using living cationic polymerization 
with Znl 2 as an activator in toluene at -15 °C [23]. With the typical conditions: 
[p-MOS]o=0.38 mol 1"\ [ll]o=[Znl2]o=3.3 mmol Reliving polymerization ofp- 
MOS was observed, i.e., a linear increase of MW with conversion and narrow 
MWD (M^/Mj^<l.l). As determined from SEC analysis using polystyrene cali- 
bration, the was in good agreement with the calculated one. However, a small 
peak with MW about one third of the main peak could be observed and was as- 
signed to species initiated by traces of HI remaining from the initiator synthesis. 
Linear increase of MW with conversion was also observed when new feeds of p- 
MOS were polymerized after completion of the polymerization of the first mon- 
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omer increment. Methacrylate-capped three arm poly(p-MOS) was obtained af- 
ter quantitative end- quenching with 2-hydroxyethyl methacrylate (HEMA). Be- 
sides formation of a well-defined trifunctional macromonomer, this reaction 
could also be used to confirm the structure of the stars using NMR spectros- 

copy. By integration of the characteristic peaks of the core and of the end group 
respectively, was found. Using initiator 12 with an ester core, the same star 
could be prepared. SEC and NMR analysis of the arms after separation from the 
core by hydrolysis under mild alkaline conditions, confirmed uniformity of the 
individual arms. 

2.2.1 .3 

Poly(styrene)„ 

Six arm star polystyrenes were prepared by the core-first method using initiator 
13 with six phenylethylchloride-type functions emanating from a central hexa- 
substituted benzene ring [24]. 




Living cationic polymerization of styrene was carried out using SnCl 4 and n- 
Bu 4N'^C1" in CH 2 CI 2 at -15 or -30 °C. Polystyrene stars of various MW depend- 
ing upon the amount of styrene and reaction times were characterized by NMR 
and SEC equipped with a light scattering detector. Mj^ values as determined us- 
ing both techniques were claimed to be in good agreement with each other; 
moreover, narrow MWDs were found using SEC (M^/Mj^~l.l). On the basis of 
these experimental results, the authors concluded that the hexafunctional initi- 
ator 13 was efficient to prepare well-controlled six arm star polystyrene up to 
Mj^=90,000 g mol"k For higher MWs, however, the control was difficult to 
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achieve owing to the possibility of (3-proton elimination and subsequent polym- 
erization of the new double bonds. The two-step end-capping of the polystyrene 
stars with Cgg was also recently reported [25]. The first step was the introduction 
of six azido end groups by reaction of the stars with TiCl4 and Me3SiN3; the re- 
action was found to be quantitative according to NMR analysis. The second 
step was performed by refiuxing the star with an excess of Cgg in chlorobenzene; 
and NMR confirmed quantitative grafting. 

2.2.1. 4 

Poly(isobutylene)„ 

Three arm star PIBs have been first synthesized by the inifer technique using the 
tricumyl chloride (TCC, 14)/BCl3 initiating system in CH3CI at -70 °C [26]. 

X 

(14) X=C1 

(15) X=0CH3 

(16) X=0C0CH3 

(17) X=OH 




The inifer technique yields tert-chloro telechelic PIBs (Scheme 2) with Mj^s 
determined by the [monomer] /[inifer] ratio. To prepare telechelic products, 
chain transfer to monomer must be absent, and with BCI3 as coinitiator this re- 
quirement is fulfilled. 

Characterization of the three arm star PIB involved a variety of spectroscopic 
techniques, i.e., and NMR, IR, and UV, thermal dehydrochlorination, and 



Initiation 

RX + BCI3 R+ + BCI3X- 

R+ + C=C ► R-C-C+ 

1 

Propagation 

R-C-C+ + C=C ► ,A/wvvy/wC+ 

Chain transfer to inifer 

+ RX ► ,/vwwvwCX + R+ 



Scheme 2 
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selective oxidation of the central phenyl ring with CF3COOH/H2O2 followed by 
Mj^ determination of the surviving arms. By quantitative dehydro chlorination, 
three arm star PIB carrying three -CH2C(CH3)=CH2 termini could be prepared. 
This end group in turn could be quantitatively converted to a variety of other 
valuable functionalities, for instance to primary -OH groups by hydroboration 
followed by alkaline oxidation. By these functionalization reactions, well docu- 
mented in [ 1 ], star PIBs with different terminal functionality could be obtained. 

The conventional batch technique suffers from a number of limitations. The 
theoretical M^/Mj^= 1.33 for three arm star polymers can only be obtained at 
constant [monomer] /[inifer] ratio (low conversion). When the polymerization 
is carried to high conversion, this ratio changes during the polymerization. 
Thus, in batch polymerizations, broad or multimodal MWDs have often been re- 
ported. In addition, the PIBs carried unfired or once-fired endgroups. 




“Unfired” 




“Once-fired” 



While in the presence of these end groups the number average end function- 
ality remained unchanged (Fn= 3 ), the reactivity of these end groups might be 
different from tert-chloro terminus of PIB. 

Another problem associated with the batch technique is poor reaction control 
(unsatisfactory stirring, temperature control, etc). To overcome the problems 
outlined above a semi-continuous polymerization technique has been intro- 
duced [ 27 ]. In this technique a mixed monomer/inifer feed is added at a suffi- 
ciently low constant rate to a well stirred, dilute BCI3 charge. Due to stationary 
conditions maintained during the whole polymerization, well-defined telechelic 
products with symmetrical end groups and theoretical polydispersities could be 
obtained. The kinetics of the polymerization has been discussed and the DP^^ 
equation has been derived. In contrast to the batch technique, the DPj^ for the 
semi-continuous technique is simply given by the [monomer] /[inifer] ratio. 
Thus, very reactive or unreactive inifers, unsuitable for batch polymerization, 
can also be used in the semi-continuous process. 

In non-polar solvents BCI3 is too weak to re-ionize the chloro end of PIB 
formed in the chain transfer to inifer (or termination) step. However when the 
polymerization of IB is carried out in polar solvents such as CH2CI2 or CH3CI, 
the chloro end of PIB can be re-ionized by BCI3. Thus termination is absent and 
living polymerization is obtained. Living polymerization has also been reported 
with the tricumyl methyl ether ( 15 )/BCl 3 initiating system, in CH2CI2 or CH3CI 
at -30 °C [ 28 ]. The products, for which the MWs were generally under 
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15,000 g mol"^ due to polymer precipitation, exhibited close to theoretical 
and M^/Mj^s in the range 1 . 3-2.0. The structure of the products has been ana- 
lyzed by NMR spectroscopy and found to be essentially identical to those ob- 
tained by tricumyl chloride. The reaction between tricumyl methyl ether (15) 
and BCI 3 was investigated by Zsuga et al. using and NMR spectroscopy in 
CH 2 CI 2 at -30 °C [29]. According to the results, tricumyl methyl ether and BCI 3 
yield tricumyl chloride and BCI 2 OCH 3 in a fast reaction, thus the true initiator 
may be the chloro derivative. Interestingly the corresponding exchange reaction 
did not take place with tricumyl acetate ( 16 )/BCl 3 system which also efficiently 
initiates the polymerization of IB [30]. The product upon quenching the polym- 
erization however was the chloro functional three arm star PIB. Similarly to tri- 
cumyl methyl ether, tricumyl alcohol (17), only partially soluble in CH 3 CI at - 
50 °C, was found to be rapidly converted to the soluble choride derivative in a re- 
action with BCI 3 . Thus three arm star PIBs have also been obtained by premixing 
tricumyl alcohol with BCI 3 for 10 min followed by the addition of IB [31, 32]. 

Polar solvents such as CH 2 CI 2 or CH 3 CI are poor solvents for PIB and there- 
fore the MW that can be obtained with BCI 3 is limited. In contrast to BCI 3 , TiCl 4 
coinitiates the polymerization of IB even in moderately polar solvent mixtures, 
which dissolve high MW PIB at low temperatures. Organic esters, halides, and 
ethers can all be used to initiate living polymerization of IB. Ethers are converted 
to the corresponding chlorides almost instantaneously, while the conversion of 
esters is somewhat slow. Alcohols are inactive with TiCl 4 alone but have been 
used in conjunction with a mixture of BCI 3 and TiCl 4 ; BCI 3 converts the alcohols 
to the active chloride which is activated by TiCl 4 . Well defined three arm star PIB 
of controlled MW have been obtained by many groups [32-34] with the 14 or 
16/TiCl4 initiating systems or by using 17 with the combination of BCI 3 and TiCl 4 
under similar conditions, i.e., in CH 3 CI or CH 2 Cl 2 /hexane (40/60 v/v) solvent 
mixture at -80 °C in the presence of a Lewis base. 

Four arm star PIB has been prepared by living polymerization with the 
3,3',5,5'-tetra(2-acetoxy-isopropyl)biphenyl (TCumOAc, 18)/BCl3 initiating sys- 
tem in dilute solutions in the -35 to -80 °C range [35]. 



H3COCO ^ OCOCH3 

^ \ /CHo H3C. / ^ 




CH. 



H.C" 



H3C. / \ .CH3 

/ CHo H^C \ 

H3COCO ^ ^ OCOCH3 



(18) 



In CH 3 Cl/n-hexane (40/60 v/v) mixtures, very low conversion and ill-defined 
products were obtained, presumably due to the very low solubility of the I 8 /BCI 3 
complex. Precipitation was also observed in pure CH 3 CI when [IB] >0. 129 mol 1 h 
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At [IB] <0.514 mol 1"\ close to the theoretical ranging from -3000 to 
30,000 g mol“\ and have been obtained. The products prepared under 

heterogeneous conditions, i.e., at [IB] >0.129 mol 1“^ contained appreciable 
amounts of “once-fired” arms. Under homogeneous conditions, indanyl ring for- 
mation, “once-fired” and “non-fired” endgroups were found to be absent and 
was close to 4.0. 

The hexacumyl methyl ether functional initiator 19 was synthesized by Cloutet 
et al. [36] and used for the living cationic polymerization of IB in conjunction 
with TiCl 4 in CH 2 Cl 2 /methylcyclohexane (40/60 v/v) at -80 °C in the presence of 
a proton trap. The star sample obtained exhibited Mj^= 1 3,000 g mol"^ and 
M^/M^=1.27. 




CH. 

I ^ 

C-OCH. 
I ^ 

CH3 



(19) 



The synthesis of eight arm star PIB was recently described by Jacob et al. [37], 
where eight PIB arms emanate from a calixarene core (multifunctional initiators 
20 (ferf-hydroxy derivative) and 21 (ferf-methoxy derivative)). The synthetic 
strategy is shown in Scheme 3. 

Model reactions were also carried out using 2-(p-methoxyphenyl)-2-methox- 
ypropane, a monofunctional analog of 21 , under conditions employed for the 
synthesis of eight arm star PIB. IB was polymerized in two stages with BCI 3 - 
TiCl 4 coinitiators. Stage I was carried out in CH 3 CI with a fraction of the re- 
quired IB plus BCI 3 and yielded very low conversions and very low MWs. Stage II 
was induced by the addition of TiCl 4 , hexane (to reach CH 3 Cl/hexane 40/60 v/v) 
and the balance of IB. In these model experiments, slow initiation was observed 
(Igff< 20 %) which was attributed to the formation of resonance stabilized carbo- 
cation upon ionization of the initiator. This is questionable, however, in view of 
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possibility of complex formation with BCI3 via thep-methoxy substituent. Since 
20 was found to be insufficiently soluble in CH3CI at -80 °C, a two-stage process 
was also used to obtain the eight arm star PIB. The chloride initiator was formed 
in situ by contacting the alcohol with BCI3 in the first stage. The product ob- 
tained in the second stage exhibited a bimodal MWD. The higher MW product 
(-70%) was assumed to be the star polymer. Subsequent experiments with 21, 
which was found to be soluble in CH3CI, produced similar results, i.e., a main 
product (74%) assumed to be the star PIB and a minor side product (-26%) of 
lower MW which was UV transparent. It was concluded that this side product 
was short chain PIB which arised by halob oration initiation. The amount of side 
product could be decreased to -10% by decreasing the concentration of BCI3 
and contact time in the first stage. Interestingly, polymerization by 21 and TiCl4 
alone produced a gel. A possible route to star-star coupling and cross-linking 
was suggested to involve proton elimination leading to p-isopropenyl groups, 
which were subsequently attacked by growing PIB chain ends. Thus, it was con- 
cluded that a two stage process using low concentration of BCI3 is the preferred 
method. The average number of arms of purified star PIB was determined by 
core destruction (selective oxidation of the aromatic core) and was found to be 
7.6, only slightly lower than the theoretical 8. This is unexpected in light of the 
low initiator efficiencies obtained with 2-(p-methoxyphenyl)-2-methoxypro- 
pane and may indicate that the reactivity of the octafunctional tert-ether initia- 
tor 21 is substantially different, i.e., 2-(p-methoxyphenyl)-2-methoxypropane 
may not be a good model. It is also conceivable that the complexing behavior of 
the two compounds with BCI3 might be different due to different steric environ- 
ment. 

2 . 2.2 

(AB)„-Type Star Block Copolymers 

2.2.2.1 

Poly(vinyl ether-b-vinyl ether) „ 

Three arm amphiphilic star block copolymers of IBVE and 2-hydroxyethyl vinyl 
ether (HOVE) were prepared using the trifunctional initiator 8 with sequential 
cationic polymerization of two hydrophobic monomers, IBVE and AcOVE. Sub- 
sequent hydrolysis of the acetates led to the hydrophilic poly(HOVE) segments 
[38]. Two types of stars were prepared depending on which monomer was po- 
lymerized first: three arm star poly(IBVE-fc-HOVE), with the hydrophobic part 
inside and three arm star poly(HOVE-^7-IBVE), with the hydrophobic part out- 
side. When IBVE was polymerized first, the experimental conditions were the 
same as described in Sect. 2.2.1. After reaching quantitative monomer conver- 
sion, AcOVE was added and temperature was raised from 0 to 40 °C to accelerate 
the reaction since this monomer is less reactive than IBVE. When starting with 
AcOVE as a first block, both polymerizations were carried out at 40 °C. SEC 
analysis showed that MWDs were narrow for the two steps whatever the se- 
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Schemes (continued) 
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quence order with a complete shift of the peak to higher MW after the second 
step. The products, obtained after quenching with methanol, were analyzed by 
NMR spectroscopy to determine DPj^ of both segments, which were in good 
agreement with the calculated values. However, was not given and no exper- 
imental evidence of the three arm block copolymer structure was provided. Hy- 
drolysis of the acetate groups was found to be quantitative according to ^H NMR 
analysis and gave amphiphilic stars with solubility properties essentially deter- 
mined by the nature of the outer segments. 



2.2.2.1 

Poly(isobutylene-b-styrene)„ 

Radial three arm star poly(isobutylene-^7-styrene)s have been prepared by many 
groups. The synthesis invariably involved the living polymerization of IB with 
the tricumyl chloride (14) or tricumyl methyl ether (15)/TiCl4 initiating system 
in CH 3 Cl/methylcyclohexane (or hexane) (40/60 v/v) in the presence of a Lewis 
base at -80 °C followed by the sequential addition of S. For instance, tricumyl 
methyl ether was used as initiator by Kaszas et al. [39] in CH 3 Cl/methylcyclohex- 
ane in the presence of dimethylacetamide (DMA). The tensile strength of the 
star block copolymer, which was rather low (13.7 MPa) due to unoptimized con- 
ditions, was similar to that of a linear triblock copolymer with comparable com- 
position and MW. For linear triblock copolymers better results were obtained 
(18.7 MPa) in the combined presence of DMA and DTBP. Star blocks have not 
been prepared under these conditions, but expectedly they should exhibit simi- 
lar tensile strength. Storey et al. [40] prepared three arm star block copolymers 
of poly(isobutylene-/7-styrene) by slightly modifying the above procedure using 
tricumyl chloride as initiator in the combined presence of pyridine and DTBP. 
Interestingly, the three arm star block copolymer exhibited tensile strength of 
16 MPa, about twice that of a linear triblock copolymer with similar block seg- 
ment lengths. This is probably due to the fact that incomplete crossover from 
PIB to S resulted in the formation of diblock copolymer in the synthesis of linear 
triblock copolymer, whereas in star block synthesis incomplete crossover would 
only result in dangling ends. It is well documented that even small amounts of 
diblock copolymers substantially decrease the mechanical properties of triblock 
copolymer thermoplastic elastomers. There was no clear difference between the 
mechanical properties of star block and linear diblock copolymers prepared in 
CH 3 Cl/hexane mixture in the combined presence of pyridine and DTBP at - 
80 °C. 

The synthesis, characterization, and mechanical properties of a novel star 
block copolymer thermoplastic elastomer with eight poly(isobutylene-b-sty- 
rene) arms radiating from a calix[8]arene was recently reported by Jacob et al. 
[41]. The process involved the synthesis of eight arm star PIB by a method es- 
sentially identical to that described above, followed by sequential addition of S 
after the IB conversion has reached 95%. To minimize alkylation and to obtain 
high MW PS blocks, moderate TiCl 4 concentration (0.059 moll"^) and a 2- to 
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2.5-fold excess of S relative to the targeted MW was used. The produced star 
block copolymer was contaminated by 3-5% homoPS and -10% linear diblock 
copolymer. The mechanical properties of selected star blocks have been inves- 
tigated. All products investigated exhibited excellent tensile strengths up to 
26 MPa. 

2.2.23 

Poly(isobutylene-b-p-methyl5tyrene)„ 

Well defined three arm star block copolymers were prepared by sequential block 
copolymerization of IB with p-methylstyrene (p-MeS) [42]. First IB was polym- 
erized by the 14/TiCl4 initiating system in CH 3 Cl/hexanes (40/60 v/v) at -80 °C 
in the presence of the proton trap DTBP. When the polymerization was complete 
the living PIB chain ends were capped with 1,1-diphenylethylene. Subsequently, 
titanium(IV)isopropoxide was added to decrease the Lewis acidity and p-MeS 
was introduced. The mechanical properties of the star block copolymers were 
determined and were found to be similar to linear triblocks with the samep-MeS 
segment length and composition. The best star block copolymers exhibited 
-22 MPa tensile strength. 

2.2.2.4 

Poly(isobutylene-b-THF)„ 

The synthesis of three arm star block copolymers of IB and THF was described 
by Gadkari and Kennedy [43]. First, three arm star PIB with hydroxyl termini 
was obtained by dehydro chlorination of three arm star PIB carrying terminal 
fert-chlorine, followed by hydroboration and oxidation. Quantitative conver- 
sion of the primary hydroxyl end groups was achieved with trifiic acid in the 
presence of pyridine at 0 °C. The resulting trifiate functional PIB was used to in- 
duce living polymerization of THF. At room temperature, low initiation rates 
were observed, which could be increased by increasing the temperature to 60 °C. 
The star block copolymer which contained considerable amounts of unblocked 
PIB was purified by column chromatography with hexane/THF mixtures as elu- 
ent. The polymer fractions were analyzed and the blocking efficiency was calcu- 
lated to be >70%. These block copolymers carried an HO- functionality at the 
polymer end of each arm and thus could be used to prepare polyurethane net- 
works. 

2.2.2.5 

Poly(i5obutylene-b-methyl methacrylate) „ 

Star block copolymers of IB and methyl methacrylate have been prepared very 
recently by the combination of living cationic and anionic polymerizations [44]. 
First, three arm star PIB (Mj^=30,000 g mol"^) was prepared by living cationic 
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Table 2. Multiarm star polymers and copolymers synthesized using 
ator 


a multifunctional initi- 


Monomers 


Multi-functional initiator Type of star 


Reference 


IBVE 


8,9 


^3 


[19,20] 




10 


A4 


[21,22] 


p-MOS 


11,12 


^3 


[23] 


S 


13 


^6 


[24,25] 


IB 


14-17 


^3 


[26-34] 




18 


A 4 


[35] 




19 


Ae 


[36] 




20,21 


As 


[37] 


IBVE/AcOVE 


8 


(AB)3 


[38] 


IB/S 


14,15 


(AB)3 


[39,40] 




20,21 


(AB)s 


[41] 


IB/p-MeS 


14 


(AB)3 


[42] 


IB/THF 


14 


(AB)3 


[43] 


IB/MMA 


14 


(AB)3 


[44] 



polymerization of IB using a trifunctional initiator (tricumyl chloride, 14), and 
the living ends were quantitatively capped with 1,1-diphenylethylene. The prod- 
uct obtained upon quenching with methanol was isolated, redissolved in THF, 
and quantitatively metallated with K/Na alloy. The reaction mixture was filtered 
and excess LiCl was added to replace with Li"^, which gives a PIB macroiniti- 
ator suitable for anionic polymerization of MMA. The polymerization of MMA 
was carried out in THF/n-hexane (70/30 v/v) solvent mixture to ensure solubili- 
ty of PIB at -78 °C. A series of star block copolymers with 27-46% MMA has 
been prepared with low polydispersity (M^/Mj^<1.10). Physical properties of the 
star block copolymers have not yet been reported. 

The synthesis of star polymer and star block copolymers with multifunction- 
al initiators are detailed in Table 2. 



2.3 

Synthesis Using a Multifunctional Coupling Agent 

Multifunctional coupling agents, bearing several (>2) identical nucleophilic 
functions sufficiently separated in space to avoid steric hindrance, may be used 
to link together similar living macromolecular chains. Well defined star struc- 
tures are obtained when these nucleophilic functions add cleanly and efficiently 
to the living ends without any side reaction. It is necessary to use strictly stoichi- 
ometric concentrations of the chain ends and of the nucleophilic functions to 
achieve the target structure and to avoid purification. 
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2.3.1 

A„-Type Star Homopolymers 



2.3.1.1 

Poly(vlnyl ethers) „ 



Monofunctional malonate ions were shown to terminate quantitatively living 
cationic chain ends of poly( vinyl ether)s to give stable carbon-carbon bond [45] 
even when they were used in stoichiometric concentration [46]. The poor solu- 
bility of their multifunctional counterparts in organic solvents could be over- 
come by the use of 18-crown-6 to dissolve them in THR Coupling reactions of 
living poly(IBVE), formed by initiation with the HI/Znl 2 system, were per- 
formed using the trifunctional coupling agent 22 and the tetrafunctional 23. 
With 22, a three arm polymer was recovered in 56% yield and with 23, only three 
out of the four anions reacted to give three arm polymer in 85% yield. Such in- 
complete reactions were explained by poor solubility as well as steric hindrance 
at the coupling sites. 



R 





COOCoH. 

I 

R : -CH 2 — C - Na+ 

^ I 

COOC2H5 



(23) 



The same authors chose another very reactive nucleophilic function, the silyl 
enol ether group, which upon reaction with living cationic chain ends of poly( vi- 
nyl ether)s, also leads to a carbon-carbon bond with formation of a ketone 
(Scheme 4). Model reactions of living poly(IBVE) with various monofunctional 
silyl enol ethers [47] showed that the a-substituent R should have electron-do- 
nating properties in order to increase the electron density on the double bond. 



6 + 5 - 

CHo— CH- -X— ZnX, 
2 I 2 

OiBu 

Living Polymer 



+ H,C=C 



OSi(CH3)3 



R 



XSi(CH3)3 






^CH2— CH-CH2— c 

/ I z ^ 



OiBu 



Scheme 4 
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The coupling efficiency also depended on the length of the polymeric chain, the 
shorter being the more efficient. Moreover, a chloride counteranion was pre- 
ferred due to the high affinity of silicon to chlorine. 

A tri- and a tetrafunctional coupling agent respectively 24 and 25 [48], both 
completely soluble in organic solvents, were then designed in order to obtain 
high yield of coupling of living poly(IBVE). The electron-donating alkoxyphenyl 
group in the a position enhanced the reactivity of the double bond and the ra- 
dially shaped structure with rigid phenyl spacers led to well- separated reactive 
functions suitable for minimizing the steric hindrance previously observed with 
the malonate derivatives. 




OSi(CH3)3 




(24) 



(25) 



Short chains (DPj^~10) of living poly(IBVE) with Cl" counter-anion were pre- 
pared with the HCl/ZnCl 2 initiating system in CH 2 CI 2 at -15 °C. The coupling re- 
action with 24 and 25 respectively was carried out by the addition of a solution 
of the coupling agent in CH 2 CI 2 at about 80% conversion of IBVE and the reac- 
tion mixture was stirred during 24 h at the same temperature. The concentration 
of the nucleophilic functions was similar to that of the chain ends. In both cases, 
SEC analysis of the final products showed the complete shift of the low MW peak 
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CH3— CH-Cl 
^ I 

0 

1 

CH2CH2X 



with X : 



— O-C-CH3 
II ^ 
O 




CH=CH2 



acetoxy function 



styryl function 



methacryloyl function 



Scheme 5 



corresponding to the linear chains towards higher MWs. The higher MW was 
obtained with the tetrafunctional coupling agent and MWDs remained narrow 
for both coupled products (M^/Mj^<l.l). Based on these SEC analyses, the over- 
all yields of the coupled products were above 95%. The structure was verified us- 
ing NMR analysis which evidenced quantitative reaction of each enol ether 
group for both coupling agents. Moreover, the mole ratio of the aromatic rings 
in the core to the a-end methyl of the chains was found close to 1 confirming the 
quantitative coupling. The coupling reaction of similar but longer poly(IBVE) 
(DPj^~50) was performed in order to study the infiuence of the chain length. The 
SEC analysis showed bimodal distributions. The major higher MW peak corre- 
sponded to the coupled product and had narrow MWD. The minor lower MW 
peak corresponded to the unreacted linear precursor. The apparent yield was 
85-90% and steric hindrance was assumed to be responsible for incomplete re- 
action. Nevertheless, it could be concluded that the multifunctional coupling 
agents based on silyl enol ether functions were superior to those based on 
malonate ions previously described in the sense that they could lead to three and 
four arm star poly(IBVE) with short arms in very high yield. 

Using the tetrafunctional coupling agent 25, end-functionalized four arm po- 
ly(IBVE)s were synthesized [49]. End-functionalization was performed using 
functional initiators which were HCl adducts of functionalized vinyl ethers 
bearing respectively acetoxy, styryl and methacryloyloxy groups (Scheme 5). 

Polymerization of IBVE was performed in CH 2 CI 2 at -15 °C using ZnCl 2 as a 
Lewis acid. The linear polymers quenched with methanol had the expected 
structure as shown by NMR analysis, with the functional group X at the a- 
end and an acetal unit at the co-end. Their MWD was narrow, typically M^/Mj^ 
was lower than 1.1. However, for the initiators with a styryl or a methacryloyloxy 
group, small amounts of low MW by-products could be seen. The experimental 
results indicated that poly(IBVE) with a functional a-end group could be syn- 
thesized using living cationic polymerization without any significant side reac- 
tions affecting the integrity of the functional group. Coupling reaction with 25 
was performed at the same conditions as previously described and the same 
conclusions could be drawn. Based on SEC analysis the initial peak shifted to- 
wards higher MWs and the MWD remained narrow. This was especially the case 
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for the coupled products with acetoxy and methacryloyloxy functionality 
(yield>95%). For the coupled product with the styryl terminal group, the yield 
was lower (-90%). Structural analysis using NMR spectroscopy was per- 
formed after separation of the main product by preparative gel permeation 
chromatography. was close to the theoretical value 4, indicating that the final 
product had the expected four arm structure with one functional group at the 
end of each arm. 

2.3.1 .2 

Poly(isobutylene)„ 

In view of the excellent shear stability of silicone oils, it was theorized that shear 
stable multiarm star PIBs could be prepared using cyclosiloxane cores [50]. The 
synthesis was accomplished in two steps. First, allyl terminated PIB of desired 
MW was prepared by reacting living PIB with trimethylallylsilane. Linking was 
effected by hydro silylation of the allyl-functional PIB with cyclosiloxanes carry- 
ing six or eight SiH groups (respectively 26 and 27) in the presence of H 2 PtCl 6 
catalyst at 180 °C for an extended period of time. With relatively low MW allyl 
functional PIB (Mj^=5200 g mol"^), after 3 days of linking using 26 at a [C= 
C]/[Si-H] = l ratio, six arm star PIB was obtained in -80% yield. With an arm 
MW of Mj^= 12,600 g mol“^ however, in addition to the expected star PIB and un- 
reacted PIB arm, the product also contained a much higher MW component. It 
was theorized that this arose by star-star coupling in the presence of adventi- 
tious water. In contrast to allyl-functional PIB, linking of isopropenyl functional 
PIBs was less successful, as the amount of unreacted PIB arm was -50%, even 
with short arms. Experiments with the octafunctional hydrogenoctasilsesquiox- 
ane 27 yielded stars with significantly lower than eight arms even with low arm 
MW. With arm MWs of Mj^=12,600-19,200 g mol“\ the number of arms of the 
primary stars was only -5. In addition, higher than expected MW stars were also 
obtained probably by star-star coupling. relaxation NMR studies indicated 
that the mobility of the arms is not limited by steric compression between them. 
Apparently, there is enough room around 27 to place eight arms, although access 
to the unreacted Si-H sites may become limited after five to six arms have been 
placed. 
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The above method appears to have serious limitations. First, the availability 
of common methylcyclosiloxanes is limited, and second, steric compression pre- 
vents quantitative hydrosilylation of neighboring SiH groups. 

To eliminate steric congestion, Majoros et al. [51] prepared a new octafunc- 
tional siloxane linking agent by moving the SiH group away from the rigid cyclic 
core skeleton (28). Using H2PtCl6.H20 as catalyst, although star formation was 
apparent, 60-70% of PIB allyl remained unreacted even after 144 h. Karstedt's 
catalyst {bis(divinyltetramethyl disiloxane) platinum(O)} was more efficient, al- 
though the majority of PIB allyl still remained unreacted. The reaction was fur- 
ther complicated by the formation of higher order stars by star-star coupling, 
which could be suppressed by increasing the [C=C]/[SiH] ratio from 1.0 to 1.66. 

While star-star coupling was considered as a side reaction in the above re- 
ports, Omura and Kennedy [52] attempted to exploit core-core coupling of small 
methylcyclosiloxanes in the presence of moisture under hydrosilylation condi- 
tions using PIB allyl to build star PIBs with many arms. The synthetic strategy is 
shown in Scheme 6. 

Kinetic studies of primary and higher order star formation concluded that 
well-defined first order stars with narrow molecular weigth distribution could 
be prepared with [SiH]/[C=C] = 1.25 at room temperature whereas higher order 
stars were obtained with [SiH]/[C=C]=4.0 at 120 °C. While primary star forma- 
tion was very slow and could require up to a week to complete at room temper- 
ature, higher order star formation was essentially complete in 24 h. Higher order 
stars with up to 28 arms have been prepared by this method. Intrinsic viscosities 
and branching index g' were also studied. The intrinsic viscosities of stars were 
much lower than those of linear PIBs of the same MW. As expected, it was found 
that g' values of stars depend on the number of arms and not on the MW of the 
arms. The stars were found to be resistant to acids and bases suggesting that the 
PIB corona protects the vulnerable core. 
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Scheme 6 (continued) 
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2.3.2 

(AB)„-Type Star Block Copolymers 



2.3.2.1 

Poly(vlnyl ether-b-vinyl ether) „ 

The tetrafunctional coupling agent 25 was used to prepare amphiphilic four arm 
star poly(vinyl ethers) by linking together hydrophobic AB block copolymers 
where one block could be further modified chemically to a hydrophilic segment 
[53]. The block copolymers were prepared by living cationic sequential copoly- 
merization of a hydrophobic vinyl ether (IBVE or 2-chloroethyl vinyl ether, 
CEVE) and a hydrophobic precursor to a hydrophilic vinyl ether (AcOVE or 2- 
[(fert-butyldimethylsilyl)oxyj ethyl vinyl ether, SiVE). Polymerization was initi- 
ated by the HCl/ZnCl 2 system in CH 2 CI 2 at -15 °C and four different copolymers 
were prepared by changing either the comonomers or the polymerization se- 
quence. Coupling reaction was performed and it was shown that the yield de- 
pends on the structure of the copolymer as well as on the monomer sequence in 
the arms. The yield was higher for monomers with less bulky pendant groups. 
For instance, poly(CEVE-fo-AcOVE) block copolymers (where CEVE was po- 
lymerized first) were coupled with 93% coupling efficiency whereas only 80% 
was obtained for the reverse sequence. Even lower yield (73%) was obtained 
with poly(SiVE-^7-IBVE). After hydrolysis of the pendant acetoxy or tert-butyld- 
imethylsilyl substituents into hydroxyl groups, amphiphilic four arm star po- 
ly(vinyl ethers) were formed and the solubility properties were studied using 
NMR spectroscopy. 

2.3.2.2 

Poly(a-methylstyrene-b-2-hydroxyethyl vinyl ether) „ 

More recently, amphiphilic four arm star block copolymers of a-methylstyrene 
(a-MeS) and HOVE were prepared using the same coupling agent 25 [54]. In 
the first step, a-MeS was polymerized using the HCl adduct of CEVE in con- 
junction with SnBr 4 as initiating system in CH 2 CI 2 at -78 °C. After 95% conver- 
sion of this first monomer was reached, SiVE was added and the polymeriza- 
tion was continued to reach 85% conversion. From SEC and NMR analysis of 
the quenched product, it was shown that a true block copolymer was formed. 
The coupling reaction was performed in the second step by adding 25 to the liv- 
ing polymerization mixture in the presence of N-ethylpiperidine to enhance the 
coupling efficiency and the reaction mixture was stirred for 24 h at -78 °C. SEC 
analysis of the isolated product showed that the overall yield was 85%. After 
separation by preparative gel permeation chromatography, the star structure 
with an average number of arms of 4.8 per polymer was confirmed by NMR 
spectroscopy. Like previously, the 2-hydroxyethyl pendant groups were ob- 
tained after deprotection using tetra-n-butylammonium fiuoride at room tem- 
perature providing new four arm amphiphilic block copolymer with hard hy- 
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drophobic segments of poly(a-MeS) in the outer part and soft hydrophilic seg- 
ments of poly(HOVE) in the inner part. Solvent effects on NMR spectra were 

studied and showed the considerable influence of the rigid segments on the 
properties of the star. 



2.3.3 

AnB^-Type Star Copolymers 



2.3.3.1 

Poly(isobutylene)2-Star-Poly(methyl vinyl ether)2 

Recently, a new concept in cationic polymerization, the concept of living cou- 
pling agent was introduced. According to the deflnition, a living coupling agent 
must react quantitatively with the living chain ends, the coupled product must 
retain the living centers stoichiometrically and must be able to reinitiate the 
second monomer rapidly and stoichiometrically. It was reported that living PIB 
reacts quantitatively with bis-diphenylethylenes where the two diphenylethyl- 
ene moieties are separated by an electron-donating spacer group, to yield stoi- 
chiometric amounts of bis(diarylalkylcarbenium) ions. Since the resulting dia- 
rylalkylcarbenium ions have been successfully employed for the controlled in- 
itiation of second monomers such as p-MeS, a-MeS, IBVE, and methyl vinyl 
ether (MeVE), it was proposed that A 2 B 2 star-block copolymers could be syn- 
thesized by this method [55]. In the first example, amphiphilic A 2 B 2 type star- 
block copolymers (A=PIB and B=poly(MeVE) were prepared via the living 
coupling reaction of living PIB, using 2,2-bis[4-(l-tolylethenyl)phenyl] propane 
(29, BDTEP) as a living coupling agent, followed by initiation of MeVE from the 
di-cation at the junction of the living coupled PIB [56]. Fractionation of the 
crude A 2 B 2 star-block copolymer was carried out on a silica gel column and the 
purity of the crude A 2 B 2 star-block copolymer was calculated to be=93% based 
on the weights of fractions. The pure A 2 B 2 block copolymer exhibited two TgS 
(-60 °C for PIB and -20 °C for poly(MeVE)) indicating the presence of two mi- 
crophases. Interestingly, an A 2 B 2 star-block copolymer with 80 wt% po- 
ly(MeVE) composition ((IB 45 ) 2 -star-(MeVEi 7 o) 2 ) exhibited an order of magni- 
tude higher critical micelle concentration (CMC=4.25xlO"^ mol 1"^) in water, 
compared to CMCs obtained with linear diblock copolymers with same total 
Mj^ and composition (IB 9 o-^ 7 -MeVE 34 o) or with same segmental lengths 
MeVE^yg). This suggested that block copolymers with star architectures exhibit 
less tendency to aggregation than their corresponding linear diblock copoly- 
mers. 



H 3 C 





(29) 
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233.2 

Poly(isobutylene)-Star-Poly(ethylene oxide) 

Amphiphilic multiarm star copolymers of PIB and PEO having one PIB arm and 
two, three, or four PEO arms with identical length were recently reported by Le- 
maire et al. [57]. End-chlorinated PIBs with controlled MW (Mj^=500 and 
1000 g mol"^) and narrow MWD (M^/Mj^=l.l) were prepared by living cationic 
polymerization and the tert-Cl co-end group was quantitatively converted to an- 
hydride or dianhydride. This species was used as macromolecular coupling 
agents for a- me thoxy- co-hydroxy PEOs (Mj^=750, 2000, 5000 g mol"^) leading to 
star-shaped polymers upon ester linkage formation. The best coupling efficien- 
cy was obtained with p-toluenesulfonic acid as a catalyst in mesitylene at 155 °C. 
The final product, which was characterized by SEC and MALDI-TOF mass spec- 
trometry, was a mixture of the various star-shaped structures together with un- 
reacted PEO and diblock copolymer. 
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Table 3. Multiarm star polymers and copolymers synthesized using a multifunctional cou- 
pling agent 



Monomers 


Multi-functional 
coupling agent 


Type of star 


Reference 


IBVE 


22 


A 3 (low yield) 


[46] 




23 


A 4 ( 1 ow yield) 

A 3 (major product) 


[46] 




24 


^3 


[48] 




25 


A 4 


[48,49] 


IB 


26 


^6 


[50] 




27 


Ag (low yield) 

A 5 (major product) 


[50] 




28 


^8 


[51] 


IBVE/SiVE, 

CEVE/AcOVE 


25 


(AB )4 


[53] 


a-MeS/SiVE 


25 


(AB )4 


[54] 


IB/MeVE 


29 


A 2 B 2 


[55, 56] 


IB/EO 


PIB-(di)anhydride 


mixture of AB 2 , AB 3 , AB 4 


[57] 
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The known methods to prepare star polymers and copolymers via living cat- 
ionic polymerization with multifunctional coupling agents are summarized in 
Table 3. 

3 

Graft (co)Polymers 

Graft (co)polymers are polymers with a linear backbone to which macromo- 
lecular side chains are connected. They can be prepared by three different meth- 
ods: “grafting from”, “grafting onto”, and (co)polymerization of macromono- 
mers. 



3.1 

"Grafting From" Technique 

This technique is based on the use of a linear polymer with pendant functional 
groups that can be activated to initiate the polymerization of a second monomer. 
Based on this definition, the linear precursor polymer can be considered as a 
multifunctional macromolecular initiator. The importance of the “grafting 
from” technique by cationic polymerization of the second monomer increased 
considerably with the advent of living cationic polymerization. The advantage is 
the virtual absence of homopolymer formation via chain transfer to monomer. 



3.1.1 

Synthesis of the Backbone by Cationic Poiymerization 



3.1.1.1 

Poiy(vinyi ether) Backbone 

Graft copolymers with poly(vinyl ether) backbone and poly(2-ethyloxazoline) 
branches were reported [58] where the backbone, a random copolymer of po- 
ly(EVE) and poly(CEVE), was prepared by conventional cationic polymeriza- 
tion using aluminium hydrogen sulfate as an initiator in pentane at 0 °C. After 
quenching the copolymer with methanol, quantitative polymerization of 2-ethy- 
loxazoline was performed using the pendant chloroethyl sites as initiators in the 
presence of sodium iodide in chlorobenzene at 1 15 °C. The obtained graft copol- 
ymer exhibited two glass transition temperatures indicating a phase separated 
morphology. 



3.1 .1.2 

Poiy(isobutyiene) Backbone 

The simplest method to obtain PIB backbone with pendant functionalities able 
to initiate polymerization of a second monomer is via copolymerization of IB 
with a functional monomer such as bromomethylstyrene (BMS) or chlorometh- 
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^n+1 



Scheme 7 





ylstyrene (CMS). An alternate method to obtain initiating sites along a PIB back- 
bone involves the copolymerization with p-MeS followed by selective bromina- 
tion [59]. The first method has been used by Nuyken and coworkers [60] to syn- 
thesize poly [IB-co-CMS-g-2-methyl-2-oxazoline]. The poly(IB-co-CMS) copoly- 
mers were synthesized by cationic copolymerization of IB with CMS in CH 2 CI 2 
at -80 °C. The preferred coinitiator was BCI 3 since ionization of the chlorome- 
thyl group, which could also act as an initiating site, is negligible in conjunction 
with BCI 3 . The polymerization of 2-methyl-2-oxazoline using poly(IB-co-CMS) 
was considered to proceed according to Scheme 7. 

All products were soluble in water, indicating the formation of the graft co- 
polymer and the absence of ungrafted macroinitiator. Dialysis of the product 
also revealed the absence of low MW (<6000 g mol"^) homo poly(2-methyl-2- 
oxazoline). Due to the amphiphilic nature of the graft copolymer, aggregation in 
water as well as in chloroform was shown by NMR spectroscopy, solution vis- 

cosity, and dynamic laser light scattering. 



3.1.2 

Synthesis of the Branches by Cationic Poiymerization 



3.1.2.1 

Poiy(vinyi ether) Branches 

Comb-like graft copolymers with polysilane backbone and poly(IBVE) branches 
were reported by Matyjaszewski and Hrkach [61]. The IBVE monomer was 
grafted from trifiated poly(methylphenyl silylene) at -30 °C using acetone as a 
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promoter (in order to accelerate the initiation step) in the presence of tetrahy- 
drothiophene as a nucleophile. The graft copolymer obtained therefrom had 
Mj^= 105,000 g mol“^ with broad MWD (M^/Mj^=2.5) and the authors stated 
that better defined polymers could be prepared by improving the initiating sys- 
tem. 




Trifiated poly(methyl phenyl silylene) 



3.1 .2.2 

Poly(silyl vinyl ether) Branches 

Aldol group transfer polymerization of ferf-butyldimethylsilyl vinyl ether [62] 
was initiated by pendant aldehyde functions incorporated along a poly(methyl 
methacrylate) (PMMA) backbone [63]. This backbone was a random copolymer 
prepared by group transfer polymerization of methyl methacrylate (MMA) and 
acetal protected 5-methacryloxy valer aldehyde. After deprotection of the alde- 
hyde initiating group, polymerization proceeded by activation with zinc halide 
in THF at room temperature. The reaction led to a graft copolymer with PMMA 
backbone and poly(silyl vinyl ether) or, upon hydrolysis of the terf-butyldimeth- 
ylsilyl groups, poly( vinyl alcohol) branches. 



3.1 .2.3 

Poly(isobutylene) Branches 

Grafting IB from PS backbone containing ferf-benzylic acetate initiating sites 
was described by Jiang and Frechet [64]. The backbone was obtained by chemi- 
cal modification of PS shown in Scheme 8. 

Polymerization of IB from the PS macroinitiator was accomplished with BCI3 
as coinitiator in CH2CI2 at -78 °C. Due to the living nature of the polymerization 
of IB, high grafting efficiencies (-85%) were reported. The resulting -15% 
homoPIB was most probably due to initiation from adventitious moisture or di- 
rect initiation (haloboration). 

A similar multifunctional macroinitiator was obtained by Puskas [65] in a 
radical copolymerization of S and 4-(l -hydroxy- 1-methylethyl) styrene. The 
macroinitiator was then used to initiate the living cationic polymerization of IB. 
With relatively short backbone and 8-23 branches with Mj^= 10,000- 
20,000 g mol"\ starlike structures, spherical in shape were obtained. The struc- 
ture was verified by core destruction followed by SEC analysis of the surviving 
arms. 
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Scheme 8 



3 . 1 . 2.4 

Poly (styrene) and poly(a-methylstyrene) Branches 

EPDM graft terpolymers with PS or poly(a-MeS) branches were prepared from 
chlorinated commercial EPDM polymer (7.7% 5-ethylidene-2-norbornene as 
diene, Mj^=50,000 g mol"^) in conjunction with Et2AlCl, using the “grafting 
from” technique [66]. Grafting could only be achieved in the presence of 10-20% 
polar solvent, e.g., CH3CI or CH2CI2; in pure heptane no graft copolymer could 
be isolated. The grafting reaction was carried out at -30 °C, below this tempera- 
ture the EPDM polymer was not soluble in the mixed heptane/polar solvent 
used. The grafting efficiencies were determined by selective solvent extraction 
and found to be quite low, in the range of 10-20%. The tensile strength and ulti- 
mate elongation were also determined and found to be quite low when the 
amount of PS was <30 wt%. The tensile strength increased by increasing the 
amount of PS or poly(a-MeS) to >50 wt%, although at the expense of the elasto- 
meric properties (increased modulus and decreased ultimate elongation). 



3.2 

"Grafting Onto" Technique 

In the “grafting onto” technique, the macromolecular branches are linked to the 
main chain by specific reaction between their a or co end group and reactive 
functional groups in the backbone. 
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3.2.1 

Synthesis of the Backbone by Cationic Poiymerization 



3.2.1.1 

Poiy(vinyi ether) Backbone 

Graft copolymers with poly(vinyl ether) backbone and polystyrene or polybuta- 
diene branches were synthesized starting from poly(CEVE) prepared by living 
cationic polymerization [67]. Typically, the cationic polymerization was per- 
formed in toluene at low temperature and was initiated by the HCl adduct of the 
monomer in the presence of ZnCl 2 . Polymers with controlled length (DPj^=6-56) 
and narrow MWD were obtained (M^/Mj^<1.2). The branches were further 
grafted onto the backbone by reaction of polystyryl- or polybutadienyllithium 
with the pendant chloroethyl functions (Scheme 9). This technique was based 
on the recently demonstrated ability of the alkyl chlorides bearing heteroatoms 
to react efficiently with polystyryl- and polybutadienyllithium [68]. The MWD 
of the final copolymer was still narrow and the average MW, as determined by 
light scattering, was in good agreement with the calculated one assuming the 
complete reaction of the chloroethyl functions. This supports the formation of 
well-defined graft copolymer with poly( vinyl ether) backbone and polystyrene 
or polybutadiene branches. Highly branched structures could also be derived 
from these graft copolymers providing that the anionically prepared polysty- 
rene was initiated by a lithio acetal derivative. Using trimethylsilyl iodide, the 
acetal function could be transformed into the corresponding a-iodoether which 
is able to initiate quantitatively (in the presence of ZnCl 2 ) new poly(CEVE) 
blocks on which PS or polybutadiene branches could be connected again using 
the same procedure. 

3.2.1. 2 

Poiy(p-bromomethyistyrene-iB-p-bromomethyistyrene) Tribiock Copoiymer Backbone 

To replace the laborious synthesis of triblock copolymer thermoplastic elastom- 
ers based on PMMA as hard segment and PIB as a soft segment by sequential 
block copolymerization following cationic to anionic transformation, Gyor et 
al. proposed an alternative procedure [69]. First poly(p-bromomethylstyrene- 
IB-p-bromomethylstyrene) triblock copolymer with short poly(p-bromometh- 
ylstyrene) segments was synthesized by living cationic sequential copolymeri- 
zation. In the second step living PMMA anions were connected to both ends of 
the triblock copolymer by Wurtz-Grignard coupling via the bromomethyl func- 
tional groups. When the coupling reaction was carried out in toluene at -78 °C 
a cross-linked gel formed. Gel formation was absent when the coupling reaction 
was effected in THE at -78 or at -60 °C. The products were soluble comblike tri- 
block structures. At 5.6 to 23 wt% PMMA, rubbery and non-sticky products 
were obtained, whereas at 43 wt% PMMA content, the product was a white pow- 
der. 
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(5) -I- Step C ^ Etc. 



Scheme 9 
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3.2.2 

Synthesis of the Branches by Cationic Poiymerization: Poiy(styrene) Branches 

Poly(pentadiene-g-S) was synthesized by Peng and Dai [70] by grafting PS initi- 
ated by adventitious moisture with various Lewis acid coinitiators onto pendant 
double bonds of polypentadiene in CH2CI2 at 0 °C. After selective solvent extrac- 
tion, the products were analyzed by IR and NMR spectroscopy. The highest 
grafting efficiency (73%) and close to complete S conversion were observed with 
Et2AlCl. With BCI3 the grafting efficiency was similar (67%), although S conver- 
sion was only -60%. Cross-linked polymer was not observed which was ex- 
plained by fast termination of the cation arising after grafting onto the polypen- 
tadiene chain. The optimum temperature was -0 °C; at lower or higher temper- 
atures the grafting efficiencies decreased. Although MWs were not reported, in- 
trinsic viscosity of the graft copolymer was found to be lower than that of 
polypentadiene, which may indicate chain scission during grafting. 

The synthesis of graft copolymers by “grafting from” and “grafting onto” tech- 
niques are reported in Table 4. 



Table 4. Graft copolymers obtained by “grafting from” and “grafting onto” techniques 
(names of the polymers obtained by cationic polymerization are italicized) 



Nature of the 
backbone 


Nature of the 
branches 


Method used^ 


Reference 


Poly(EVE-co-CEVE) 


Poly(oxazoline) 


f 


[58] 


Poly(IB-co-CMS) 


Poly(oxazoline) 


f 


[60] 


Triflated poly 
(methyl phenyl silylene) 


Poly(IBVE) 


f 


[61] 


PMMA 


Poly(silyl vinyl ether) 


f 


[63] 


PS with fert-benzylic 
acetate 


PIB 


f 


[64] 


PS-co-poly[4-(l- 
hydroxy-1- 
methylethyl) styrene] 


PIB 


f 


[65] 


EPDM 


PS 

Poly(a-MeS) 


f 


[66] 


Poly(CEVE) 


PS 

Poly(butadiene) 


0 


[67] 


Pofy(BMS-IB-BMS) 


PMMA 


0 


[69] 


Poly(pentadiene) 


PS 


0 


[70] 



f, Grafting from; o, grafting onto 
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3.3 

Macromonomers 

A macromonomer is a macromolecule with a reactive end group that can be 
homopolymerized or copolymerized with a small monomer by cationic, anion- 
ic, free-radical, or coordination polymerization (macromonomers for step- 
growth polymerization will not be considered here). The resulting species may 
be a star-like polymer (homopolymerization of the macromonomer), a comb- 
like polymer (copolymerization with the same monomer), or a graft polymer 
(copolymerization with a different monomer) in which the branches are the 
macromonomer chains. 

Macromonomers have been synthesized by living cationic polymerization by 
three different techniques: by the use of a functional initiator, employing func- 
tional capping agent or by chain end modification. 



3.3.1 

Synthesis of Macromonomers by Living Cationic Poiymerization 



3.3.1 .1 

Synthesis Using a Functionai initiator 

This technique is the simplest as it generally requires only one step since the po- 
lymerizable function is incorporated via the initiator fragment. To obtain well- 
defined macromonomers with one polymerizable end group per chain, control- 
led length and narrow MWD, the following criteria should be fulfilled: 

- initiation only from the initiator (no protic or direct initiation); 

- living polymerization conditions (especially no transfer to the monomer); 

- during the polymerization the functional group should remain unreacted or 
it needs to be protected. 



3.3.1.1.1 

Poiy(vinyi ethers) 

Most of the reported poly(vinyl ether) macromonomers have been prepared 
with a methacrylate end group which can be radically polymerized and which is 
non-reactive under cationic polymerization conditions [71-73] . Generally, the 
synthesis was based on the use of the functional initiator 30, which contains a 
methacrylate ester group and a function able to initiate the cationic polymeriza- 
tion of vinyl ethers. Such initiator can be obtained by the reaction of HI and the 
corresponding vinyl ether. With initiator 30 the polymerization of ethyl vinyl 
ether (EVE) was performed using I 2 as an activator in toluene at -40 °C. The MW 
increased in direct proportion with conversion, and narrow MWD (M^/Mj^= 
1.05-1.15) was obtained. The chain length could be controlled by the monomer 
to initiator feed ratio. Three poly(EVE) macromonomers of different length 
were prepared by this method: Mj^=1200, 5400, and 9700 g mol"k After complete 
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conversion and quenching with methanol (acetal co end group), and 
NMR spectroscopy was used to demonstrate the structural integrity of the 
macromonomers and to determine the value of for the -methacrylate end 
group. The latter was always very close to 1 , indicating that one methacrylate end 
group was incorporated per molecule. 

Radical homopolymerization and copolymerization with MMA initiated by 
AIBN in benzene solution or in bulk led to high MW graft (co)polymers. 



✓ 



H2C=C^ 



CH3 ^ 

I 

C-O-CH.CHo— O-CH-CH. 
11 2 2 

O 



(30) X=1 

(31) X=C1 



Macromonomers of the same monomer, EVE, were prepared using initiator 
32 bearing an allylic function [73, 74]. This reactive group remained intact dur- 
ing the polymerization and could be further transformed into the correspond- 
ing oxirane by peracid oxidation. This epoxy end group can be polymerized by 
ring-opening polymerization. 



I 

CH 2 =CH-CH 2 — O-CH 2 CH 2 — 0 -CH-CH 3 

Other vinyl ethers were also polymerized with initiator 30 under the same ex- 
perimental conditions [75]. For instance, SiVE and 2-(trimethylsilyloxy)ethyl 
vinyl ether provided hydrophobic macromonomers which could be desilylated 
under suitable conditions to obtain the corresponding water-soluble po- 
ly(HOVE) without any side reaction of the methacrylate end group. 



3.3.1. 1.2 

Poly(silyl vinyl ether) 

Poly(silyl vinyl ether) macromonomers with a styrenic polymerizable function 
[76, 77] were prepared by the so-called aldol group transfer polymerization of 
ferf-butyldimethylsilyl vinyl ether. The polymerization proceeded by activation 
of the aldehyde in the functionalized initiator p-formylstyrene (33) by ZnCl 2 or 
ZnBr 2 in THE or CH 2 CI 2 at 30 °C. Initiation was found to be fast and quantitative. 
The products, macromonomers of poly ( ter f-butyldimethylsilyl vinyl ether) with 
an aldehyde (O end group, were analyzed by SEC and NMR spectroscopy. The 
polymerization was shown to be living resulting in MWs controlled by the mon- 
omer to initiator feed ratio and narrow MWD (M^/Mj^<1.3). In the first example 
[76], the macromonomers were copolymerized with co-p-vinyl-phenyl(poly- 
dimethylsiloxane) macromonomers in THE at 60 °C, using AIBN as an initiator. 
Selective removal of the ferf-butyldimethylsilyl protective groups led to am- 
phiphilic graft copolymers with hydrophilic poly (vinyl alcohol) branches. In the 
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second example [77], macromonomers with up to 28 were prepared. After 
reacting the terminal aldehyde with a silyl ketene acetal (l-methoxy-2-methyl- 
1-trimethylsilyloxy propene) to provide a more stable ester end group, tert- 
butyldimethylsilyl ether side groups were hydrolyzed to the corresponding alco- 
hol leading to heterotelechelic poly(vinyl alcohol) with a polymerizable styryl a 
end group and an ester co end group. 



H2C=CH 




(33) 



Such hydrophilic macromonomers (DPj^=7-9) were radically homopolymer- 
ized and copolymerized with styrene [78] using AIBN as an initiator at 60 °C in 
deuterated DMSO in order to follow the kinetics directly by NMR analysis. 
The macromonomer was found to be less reactive than styrene (rjy[=0.9 for the 
macromonomer and r5=1.3 for styrene). Polymerization led to amphiphilic 
graft copolymers with a polystyrene backbone and poly( vinyl alcohol) branch- 
es. The hydrophilic macromonomer was also used in emulsion polymerization 
and copolymerized onto seed polystyrene particles in order to incorporate it at 
the interface. 



3.3.1 .1.3 

Polystyrene and Poly(p-methylstyrene) 

Using functional initiator 31, polystyrene and poly(p-MeS) macromonomers 
bearing a terminal methacrylate group [79] could be prepared by living cationic 
polymerization in CH 2 CI 2 at -15 °C in the presence of SnCl 4 and n-Bu 4 NCl. To 
obtain an a end-functionality (Fj^) close to 1, mixing of the reagents was carried 
out at -78 °C. When mixing was performed at -15 °C, the functionality was low- 
er than 1 which was ascribed to a side-reaction, initiation by protons eliminated 
following intramolecular alkylation. The resulting oligomers could be clearly 
observed by SEC analysis at low conversion. After complete conversion of the 
monomers, the polymerization was quenched with methanol and macromono- 
mers with a chloride CO end group were recovered. A polystyrene macromono- 
mer with DPj^=18 (M^/Mj^=1.16 and Fj^=0.94) and a poly(p-MeS) macromono- 
mer with DPj^=24 (M^/Mj^=1.14 and Fj^=0.97) were reported. 



3.3.1. 1.4 

Poly(a-methylstyrene) 

A similar procedure was also used for the synthesis of methacrylate functional 
poly(a-MeS) [80]. Thus, 31 was used in conjunction with SnBr 4 in CH 2 CI 2 at - 
78 °C, to obtain the macromonomer with M^^s substantially (-50%) higher than 
the theoretical value. This was probably due to the formation of terminated low 
MW oligomers with indanyl end group structure. The eliminated proton was as- 
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sumed to remain unreactive and did not initiate new polymer chains, since the 
functionality of the polymer was found to be close to unity. Allylation of the co- 
end of the living polymer was also accomplished by quenching with excess al- 
lyltrimethylsilane. In a related development, four arm poly(a-MeS), functional- 
ized with methacrylate end groups, has been synthesized by coupling reaction 
of a-methacryloyloxy functional living poly(a-MeS), obtained by the procedure 
given above, with tetrafunctional silyl enol ethers 25 [81]. 



3.3.1. 1.5 
Poly(^-pinene) 

(3-Pinene which is a main component of natural turpentine can be polymerized 
by living cationic isomerization polymerization [82] (Scheme 10) using 
TiCl 3 (OzPr) as a Lewis acid in conjunction with n-Bu 4 NCl in CH 2 CI 2 at -40 °C. 
When initiator 31 was used, polymerization led to a poly((3-pinene) macromon- 
omer with a methacrylate function at the a end and a chlorine atom at the co 
chain end [83]. Three macromonomers were prepared with DPj^=8, 15, and 25 
respectively; they had narrow MWD (M^/Mj^=1.13-1.22) and the reported func- 
tionality was close to 1 (Fn=0.90-0.96). 

A macromonomer made of a block copolymer of p-MeS and (3-pinene was 
also prepared by sequential living cationic polymerization of both monomers 
under the same experimental conditions. The first block had 12 p-MeS units and 
the second had 11 (3-pinene units as evaluated by NMR spectroscopy. 

The homopolymer and block copolymer macromonomers were copolymer- 
ized with MMA by free-radical polymerization in benzene at 60 °C using AIBN 
as an initiator; typical concentration were [MMA] = 1.2 mol 1"^ and [macromon- 
omer] =0.020 mol l"k MMA was completely converted in 18 h and the macrom- 
onomers conversion reached more than 70% as determined by NMR. Incom- 
plete conversion was explained by steric hindrance. Free-radical copolymeriza- 
tion resulted in high MW graft copolymers with PMMA backbone and relatively 
rigid, nonpolar poly((3-pinene) branches. 



CH 3 — CH-Cl + 
I 

0 

1 

CH2CH2X 






TiCLCOZPr) 



CH3-~CH-^CH 

0 

1 

CH2CH2X 



CH 3 

I X 

c4ci 

I 

CH 3 



CH 3 

I ^ 

X= — 0-C-C=CH2 
II ^ 

o 



Scheme 10 
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3.3.1 .1.6 
Poly(isobutylene) 



p-Poly(isobutylene)styrene (S-PIB) was synthesized by polymerizing IB with 
thep-((3-bromoethyl)cumyl chloride (34) /(CH3)3Al initiating system in CH3CI 
at -55 °C, followed by dehydrobromination with tert-BuOK [84]. The polymeri- 
zation proceeded in the absence of chain transfer to monomer. Although termi- 
nation was operational with (CH3)3Al, it was apparently slower than propaga- 
tion since the MWs could be adjusted in the 4000-34,000 g mol"^ range by 
changing the [monomer] /[initiator] ratio. Close to complete monomer conver- 
sions could be obtained with [monomer] /[initiator] <100. was determined by 
UV spectroscopy and found to be close to unity. 




(34) 



The S-PIB macromonomer was copolymerized by radical copolymerization 
with MMA and S, and the reactivity ratio of the small comonomer was calculat- 
ed by a modified copolymer equation [85]. With MMA, %m^= 0.5 was obtained, 
i.e., close to that reported for conventional S/MMA system. With S however, r^= 
2.1 was determined which suggested that the reactivity of S-PIB is lower than 
that of S, possibly due to steric interference. 

Copolymerization of S-PIB with S in dispersion has also been investigated 
[86]. Conventional emulsion copolymerization with a water soluble initiator re- 
sulted in PS homopolymers only, due to the complete insolubility of the S-PIB 
macromonomer in water. Using AIBN, an oil soluble radical initiator, and very 
small monomer droplet size (<0.5 pm), initiation and polymerization took place 
inside the monomer droplets. This method resulted in high yield of poly(S-g- 
IB). The graft copolymer exhibited two TgS indicating phase separation. Howev- 
er, some phase mixing was suggested by the observed Tg values (-52 and 30 °C), 
which were considerably different from those of the pure homopolymers. The 
graft copolymers with relatively long PIB branches (Mj^=50,000 g mol“^) exhib- 
ited improved impact strength compared to PS. 

Asymmetric telechelic a-primary methacrylate (o-ferf-chloro functional 
PIB macromonomers (MA-PIB) have been synthesized by living carbocationic 
polymerization of IB using the 3,3,5-trimethyl-5-chloro-l -hexyl methacrylate 
(35)/TiCl4 initiating system in hexane/CH3Cl (60/40 v/v) [87, 88]. By varying 
the monomer to initiator ratio, PIBs in the MW range of 2000-40,000 g mol"^ 
were obtained with narrow MWDs. The ester functionality of the polymers 
(Fj^~l) was in good agreement with model reactions indicating that a primary 
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ester functionality was retained after quenching the ester- Lewis acid complex- 
es. 



CH3 CH3 CH3 

CHo^C— C-O-CHo— CH2— C-CHo— C-Cl ( 35 ) 

2 II 2 2 I 2 I 

O CH3 CH3 

Following quantitative methylation of the co-ferf-chloro site by trimethyl alu- 
minum, the methylated polyisobutylene methacrylate macromonomer was co- 
polymerized with MMA by Group Transfer Polymerization [87]. PMMA-g-PIB 
graft copolymers with controlled MW and composition were obtained. The 
structure and physical properties were determined by the [MMA]/[MA-PIB] 
and [MMA]/[Initiator] ratios. 



3.3.1. 2 

Synthesis Using a Functionai Capping Agent 

In this method, the polymerizable group is incorporated at the (O-end of the 
macromonomer by a reaction between a functionalized capping agent and the 
living end of the polymer. To obtain well-defined macromonomers with one po- 
lymerizable end group per chain, controlled MW and narrow MWD, the follow- 
ing criteria should be fulfilled: 

- living polymerization conditions; 

- quantitative coupling of the quencher to the polymer end; 

- formation of a stable bond; 

- absence of side reaction of the functional group during the quenching process. 



3.3.1. 2.1 

Poiy(vinyi ethers) 

Sodium salt of malonate carbanions are known to react quantitatively with the 
living ends of poly(vinyl ether)s to give a stable carbon-carbon bond [45]. This 
reaction was performed to end-functionalize living poly (vinyl ether) s with a vi- 
nyl ether polymerizable end group using the functional malonate ion 36 [73, 89] . 

COOC2H5 
+ .1 

Na C-CH2CH2— 0 -CH=CH 2 ( 36 ) 

COOC2H5 

IBVE was polymerized with the HI/I 2 initiating system in CH 2 CI 2 at -15 °C. 
After complete consumption of the monomer, five equivalents of the quenching 
agent (with respect to the living end) were added. An instantaneous reaction was 
evidenced by the precipitation of sodium iodide. Poly(IBVE) with controlled 
MW (by the monomer to HI molar ratio) and narrow MWD was obtained as ev- 
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idenced by SEC. Moreover, and NMR analyses showed quantitative reac- 
tion with the malonate ion and high structural integrity. Particularly, polymeriza- 
tion or side reaction of the vinyl ether function of the quencher could not be de- 
tected. The vinylic protons of this vinyl ether end group were recognized together 
with the other ones of the capping agent. The end functionality was determined 
using NMR spectroscopy. According to calculation, each polymer chain carried 
one vinyl ether terminal. The same synthetic method was successfully applied 
with 2-(benzoyloxy)ethyl vinyl ether (BzOVE) which was polymerized using the 
HI/I 2 initiating system in toluene at -15 °C. Quantitative termination was per- 
formed with 36 used in 10-20-fold excess. More recently, the same quencher 36 
was used to prepare poly( vinyl ether)s block copolymers with a polymerizable vi- 
nyl ether end group [90]. Sequential living cationic polymerization of AcOVE and 
IBVE was carried out with the HI/Znl 2 system in toluene at -15 °C. After quench- 
ing with 36, well-defined block copolymer macromonomers were obtained: H- 
(poly(AcOVE))j^-(poly(IBVE))n-C(COOC 2 H 5 ) 2 -CH 2 CH 2 - 0 -CH=CH 2 with m= 
5/n=15 and m=10/n=30. Further living cationic polymerization of those macrom- 
onomers bearing a vinyl ether end group will be described in Sect. 3.3.2. 

A hydroxy function is also able to react quantitatively with living end of po- 
ly( vinyl ether) s resulting in an acetal end group which, however, has poor stabil- 
ity in acidic media. A proton trap should be added in order to scavenge the pro- 
tons released during the coupling process. Various end-capping agents with a pri- 
mary alcohol and a polymerizable double bond were used to produce poly(vinyl 
ether) macromonomers. The more widely used was 2-hydroxyethyl methacrylate 
(HEMA, 37) [91-94] but some alcohols with an allylic or olefinic group were also 
reported such as allyl alcohol (38) [91], 2-[2-(2-allyloxyethoxy)ethoxy] ethanol 
(39) [92] and 10-undecen-l-ol (40) [92]. Another capping agent with a methacr- 
ylate ester group, 2-(dimethylamino)ethyl methacrylate (41) with a tertiary 
amine as the coupling nucleophilic function [91] was also reported. In that case, 
capping results in the formation of a quaternary ammonium salt. 

CH2 

I 



HO -CH 2 CH 2 — 0- C-C =CH. 

2 2 11 3 

0 


(37) 


HO-CH 2 — CH=CH 2 


(38) 


HO— (CH2CH20)3— CH 2 — CH=CH2 


(39) 


HO— (CH2)9~ CH=CH2 


(40) 




O 



( 41 ) 
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Well-defined macromonomers of poly(BVE), poly(IBVE), and poly(EVE) 
with (0- methacrylate end group [91] were prepared by living cationic polymeri- 
zation of the corresponding monomers initiated by trifiuoromethanesulfonic 
acid in CH 2 CI 2 at -30 °C in the presence of thiolane as a Lewis base. After com- 
plete conversion, the polymers were quenched with 37 in the presence of 2,6-lu- 
tidine or with 41 to produce macromonomers with Mj^ up to 10,000 g mol"^ with 
narrow MWD, bearing one polymerizable methacrylate function per molecule. 
The same polymers were also quenched with 38 in the presence of 2,6-lutidine 
to give poly (vinyl ether) s with an allylic terminal group. 

A vinyl ether with a mesogenic side group, 3- [4-cyano-4'-biphenyl)oxy] pro- 
pyl vinyl ether, was polymerized at 0 °C in CH 2 CI 2 with trifiuoromethanesulfon- 
ic acid as an initiator in the presence of dimethylsulfide [92]. 




3- [4-cyano-4'-biphenyl)oxy] propyl vinyl ether 

Three macromonomers were obtained after quenching with 37, 39, and 40 re- 
spectively. All had a well defined structure as evidenced by SEC and NMR anal- 
yses, with DPj^ close to 6 and narrow MWD (M^/Mj^=1.09-1.13) and with Fj^ very 
close to 1. 

Macromonomers of poly(octadecyl vinyl ether) were prepared by cationic 
polymerization although this technique is difficult since the corresponding 
ODVE monomer has a high melting point and poor solubility at low temperature 
[93]. The polymerization was initiated by the trimethylsilyl iodide/ 1,1 -diethox- 
yethane system in the presence of Znl 2 (initiator solution was prepared at - 
40 °C) and was carried out in toluene at 0 or 10 °C. Linearity of Mj^ with conver- 
sion was observed up to 6000 g mol"h At higher Mj^, deviation was observed and 
this was assigned to transfer to the monomer. However, although transfer leads 
to dead chains with a terminal unsaturation, it was shown that upon addition of 
37 as a capping agent, all the chains were quenched irrespective of their end 
group. Actually, the dead chains could also react with the alcoholic quencher af- 
ter their protonation by HI released in the reaction of the same quencher with 
the active chains. Thus, although controlled polymerization was not achieved, 
quantitative end-functionalization of poly (ODVE) with 37 could be obtained. 
Short macromonomers (Mj^<6000 g mol"^) had narrow MWD with M^/Mj^=l.l. 
Free-radical homopolymerization of these poly(ODVE) macromonomers and 
copolymerization with acrylates produced highly branched polymers [94] 
which were soluble in hydrocarbons. 

Macromonomers with a well-defined units sequence were reported by Min- 
oda et al. [95-97] (so-called sequence regulated oligomers). They were prepared 
by sequential introduction of one equivalent of each vinyl ether monomer to the 
living ends in toluene at -40 °C in the presence of Znl 2 , the first step being the 
addition of HI to the first monomer. The first example of sequence regulated 
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macromonomer [95, 96] was obtained with the following monomers sequence: 
n-butyl vinyl ether (BVE), VOEM, BzOVE, and 2-(vinyloxy)ethyl methacrylate, 
this latter monomer being used to incorporate a terminal methacrylate. The 
macromonomer was purified from by-products by preparative size exclusion 
chromatography. The second example was a heterodimer quenched with the 
malonate anion 36 [97]. It was prepared by a three step technique: quantitative 
addition of HI to the first vinyl ether, addition of one equivalent of a second 
monomer (preferably less reactive than the first one) in the presence of Znl 2 , and 
finally quenching with 36 which allowed introduction of the polymerizable vinyl 
ether end group. Two macromonomers were synthesized by this method with 
the respective following sequence: BVE/BzOVE and 2-ethylhexyl vinyl 
ether/CEVE. 



3.3.1 .2.2 

Poly(p-alkoxystyrenes) 

Owing to the lower stability of growing p-alkoxystyrene cations and to the pos- 
sibility of several side-reactions, some end-capping agents which were success- 
fully used for poly( vinyl ether)s such as sodiomalonic ester and tert-hutyl alco- 
hol, did not give end-functionalization with poly(p-alkoxystyrene) cations. In 
contrast, primary and secondary alcohols underwent quantitative reactions to 
give stable alkoxy functional groups. Thus, 2-hydroxyethyl methacrylate and 
acrylate were used to introduce a polymerizable group at the CO end [98, 99]. Liv- 
ing cationic polymerizations ofp-MOS and fBOS were carried out at -15 °C in 
toluene using HI/Znl 2 as an initiating system. When the monomer conversion 
was complete, a large excess of the quencher was added, resulting in a quantita- 
tive functionalization. The polymerization was shown to be living and well-de- 
fined macromonomers with narrow MWD and one polymerizable acrylate or 
methacrylate functional group per chain were obtained. Heterotelechelic po- 
ly(p-MOS)s were also prepared by the combination of the functional initiator 
method and the functional end-capping method. This allowed the synthesis of a 
poly(p-MOS) macromonomer with one malonate diester at the a end and one 
methacrylate group at the co end. 



3.3.1 .2.3 
Poly(styrene) 

The living cationic polymerization of styrene could be achieved using 1-phe- 
nylethyl chloride as an initiator in the presence of SnCl 4 and n-Bu 4 NCl. However, 
in contrast to vinyl ethers and p-alkoxystyrenes, quenching with usual bases 
such as methanol, sodium methoxide, benzylamine, or diethyl sodiomalonate 
led to the terminal chloride instead of the specific end group. This was explained 
by the very low concentration of cationic species in comparison with the dor- 
mant C-Cl end group and also by the low reactivity of this C-Cl functional group 
in substitution reactions. This was overcome using organosilicon compounds 
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such as trimethylsilyl methacrylate (42) and quantitative functionalization was 
achieved when the quenching reaction was performed at 0 °C, for 24 h, in the 
presence of a large excess of the quencher and low concentration of the Lewis 
acid [100]. The same functionalization reaction could also be performed suc- 
cessfully in two steps, starting from an isolated polystyrene with a 26 
C-Cl terminal group. 

CH3 

I ^ 

CH2=C-C-0— Si(CH3)3 (42) 

o 



3.3.1. 2.4 
Poly(isobutylene) 

Allyl terminated linear and three arm star PIBs and epoxy and hydroxy teleche- 
lics therefrom have been reported by Ivan and Kennedy [34]. Allyl functional 
PIBs were obtained in a simple one pot procedure involving living IB polymeri- 
zation using TiCl4 as coinitiator followed by end-quenching with allyltrimethyl- 
silane (43, ATMS). The procedure was based on an earlier report by Wilczek and 
Kennedy [101] that demonstrated quantitative allylation of PIB-Cl by ATMS in 
the presence of Et2AlCl or TiCl4. Structural characterization by NMR spec- 
troscopy and end group titration by m-chloroperbenzoic acid demonstrated 
quantitative end allylation. Quantitative hydrob oration followed by oxidation in 
alkaline THF at room temperature resulted in -OH functional PIBs, which were 
used to form PIB-based polyurethanes. Quantitative epoxidation of the double 
bonds was also achieved with m-chloroperbenzoic acid in CHCI3 at room tem- 
perature, giving rise to macromonomers able to polymerize by ring-opening po- 
lymerization. A three arm star epoxy-telechelic PIB (Mj^=4500 g mol“^) with tri- 
ethyl amine gave a strong rubber exhibiting ca. 300% elongation. 

CH3 

I 

CH2=CH-CH2— Si-CH3 (43) 

CH3 



3.3.1. 3 

Chain End Modification of Poiy(isobutyiene) 

The polymerizable function is incorporated by chemical modification of the a 
or CO end group after isolation of the polymer. Although it is versatile since a 
wide variety of polymerizable groups can be incorporated, the method generally 
involves several steps. 

The synthesis of polyisobutylene methacrylate (MA-PIB) was first reported 
by Kennedy and Hiza [102]. The synthesis was accomplished by a multistep 
process. First IB was polymerized by the cumyl chloride/BCl3 initiating system. 
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Dehydro chlorination followed by hydroboration-oxidation resulted in PIB- 
CH 2 OH, which was subsequently esterified with methacryloyl chloride. 
Scheme 11 helps to visualize the procedure. 

The structure and value of were determined by NMR and IR spectro- 
scopies combined with MW determination by vapor pressure osmometry. Ac- 
cording to the results, MA-PIB macromonomers indeed carried close to one 
methacrylate function per molecule. The homopolymerization of a relatively low 
MW (Mj^=5200 g mol“^) MA-PIB was attempted by radical means. Polymeriza- 
tion did not take place in solution. In bulk however, a portion of the macromon- 
omer polymerized to give a star-like product with high MW (M^~7.10^ g mol"^). 
Free radical nearly ideal copolymerization of MA-PIB with MMA afforded 
PMMA-g-PIB copolymers which were optically clear but had disappointingly 
low tensile strength and modulus . All graft copolymers exhibited two TgS, one 
at — 65 °C for PIB and one at -100 °C for the PMMA component, indicating mi- 
crophase separated morphology. 

Macromonomers with two methacrylate functionalities (MA-PIB-MA) at 
both ends of the PIB chain have also been synthesized, by a procedure essen- 
tially identical to that reported above, but starting with a bifunctional initia- 
tor in the polymerization of IB [103]. Free radical copolymerization of the re- 
sulting MA-PIB-MA with 2-(dimethylamino)ethyl methacrylate resulted in 
amphiphilic networks, with a wide range of mechanical and swelling proper- 
ties. 

The acrylate or methacrylate functional PIBs have also been used in UV- 
curable solventless coatings formulation in the presence of reactive diluents 
(multifunctional acrylate or methacrylate esters) and a UV-sensitizer [104]. 
The products were transparent, flexible Aims, with very little extractables, in 
which hard polyacrylate or polymethacrylate domains were dispersed in the 
soft PIB matrix. Tensile strength and ultimate elongation have also been ob- 
tained. 

The synthesis of MA-PIB macromonomers by three different methods, which 
were claimed to be less cumbersome than that above, was reported by Maenz 
and Stadermann [105]. The first procedure, as shown in Scheme 12, involved 
alkylation of phenol by PIB olefin followed by reaction with methacrylic acid. 

The PIB olefins were either commercial products (“Glissopal” by BASF, 
“HYVIS 5” by BP Chemical Ltd., and “Polybutene” by Amoco Chemicals Co.) 
or were obtained by selective polymerization of butadiene free C 4 -fractions. It 
should be noted that before esterification non-functional PIBs, present in the 
commercial products in varying amounts, were removed by column chroma- 
tography. The best results were obtained with Clissopal which had the highest 
double bond functionality, -0.85. Interestingly, the number average double 
bonds (Fj^(j)g)) determined by ozonolysis or by NMR spectroscopy differed 
considerably and relatively good correlation between Fj^^g) and Fj^ of PIB- 
phenol was obtained only for Clissopal. This suggests that in the other samples 
a relatively large fraction of the double bonds were not located at the polymer 
end. The second synthetic route is shown in Scheme 13. 
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In this process, epoxidation of the double bonds was followed by reduction to 
obtain the fert-alcohol which was esterified with methacryloyl chloride in the 
subsequent step. While epoxidation was found to be close to quantitative based 
on double bond content, reduction was incomplete and the residual epoxy func- 
tional PIB (24-47%) had to be separated by column chromatography before es- 
terification. It should be noted that this macromonomer was a tert-ester which 
might be quite unstable in acidic conditions, and is also more hindered than the 
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corresponding primary ester which may affect the copolymerization behavior of 
the macromonomer. 

The third route for the synthesis of PIB macromonomer was based on the ad- 
dition of p -hydroxy- thiophenol onto the PIB double bonds followed by esterifi- 
cation with methacryloyl chloride (Scheme 14). 

High conversion of double bonds was found only with Glissopal, but it was 
necessary, even in this case, to separate from non-functional PIB before esterifi- 
cation. While the feasibility to synthesize methacrylate functional PIBs by all 
three methods was demonstrated, due to the necessary column chromatography 
step to obtain high functionality PIB macromonomers, the utility of the method 
is questionable. 
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Table 5. Synthesis of macromonomers by cationic polymerization 




Nature of the chain 


Nature of the 
polymerizable function 


Method used^ 


Reference 


Poly(EVE) 


Methacrylate 


30 


[71-73] 


Poly(SiVE) 


Methacrylate 


30 


[75] 


Poly(EVE) 


Allyl, epoxyde 


32 


[73, 74] 


Poly(Silyl vinyl ether) or 
poly (vinyl alcohol) 


Styrene 


33 


[76-78] 


PS 

Poly(p-MeS) 


Methacrylate 


31 


[79] 


Poly(a-MeS) 


Methacrylate 


31 


[80] 


Poly(p-pinene) 

Poly(p-pinene-b-p-MeS) 


Methacrylate 


31 


[83] 


PIB 


Styrene 


34 


[84-86] 


PIB 


Methacrylate 


35 


[87, 88] 


Poly(IBVE) 


Vinyl ether 


36 


[89] 


Poly(AcOVE-b-IBVE) 


Vinyl ether 


36 


[90] 


Poly(BVE), 

Poly(IBVE), 

Poly(EVE) 


Methacrylate 


37,41 


[91] 


Poly(BVE), 

Poly(IBVE), 

Poly(EVE) 


Allyl 


38 


[91] 


Poly(3-[4-cyano-4'-biphenyl) 


Methacrylate 


37 


[92] 


oxy]propyl vinyl ether) 


Allyl 


39,40 


[92] 


Poly(ODVE) 


Methacrylate 


37 


[93,94] 


Sequence regulated 
oligomers of vinyl ethers 


Vinyl ether 


36 


[97] 


Poly(p-MOS) 


Methacrylate 


37 


[98] 


Poly(fBOS) 


Methacrylate 


37 


[99] 


PS 


Methacrylate 


42 


[100] 


PIB 


Allyl, epoxyde 


43 


[34] 


PIB 


Methacrylate 


- 


[102-105] 




Cyanoacrylate 


- 


[106,107] 




Vinyl ether 


- 


[108] 



^Numbers 30-35 = functional initiator; 36-43 = functional terminator; - chain end modification 



Cyanoacrylate capped PIB (CA-PIB) has been synthesized by esterification of 
PIB-CH 2 OH with the Diels-Alder adduct of 2-cyanoacryloyl chloride and an- 
thracene followed by deprotection (Scheme 15) [106, 107]. 

The value of Fj^ was determined by NMR spectroscopy and found to be 
close to unity. By essentially the same method, bifunctional and trifunctional 
cyanoacrylate functional PIBs have also been prepared. Anionic polymerization 
of CA-PIB with AT,^^-dimethyl-p-toluidine as initiator in solution resulted in high 
MW product (Mj^~35,000 g mol"^) [107]. Anionic copolymerization of difunc- 
tional and trifunctional PIB yielded clear fiexible films with low sol fraction. The 
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di- and trifunctional macromonomers have also been found to undergo chain 
extension upon contact with proteinaceous materials such as human blood and 
egg yolk. 

Vinyl ether terminated PIBs with different endgroup structures (I and II in 
Scheme 16) have been synthesized by Nemes et al. [108]. Scheme 16 summarizes 
the key transformation steps. 

In the first case PIB-Cl was dehydro chlorinated and metallated in a one pot 
procedure. This was followed by coupling of the resulting PIB anion with CEVE. 
In the second process, phenol was alkylated with PIB-Cl followed by a reaction 
with CEVE. The value of Fj^ determined by NMR spectroscopy indicated close 

to quantitative functionalization. Copolymerization of the macromonomers has 
not been reported. 

Table 5 summarizes the work on the synthesis of macromonomers by cationic 
polymerization. 



3.3.2 

Cationic Poiymerization of Macromonomers 

Generally, macromonomers are (co)polymerized by free-radical processes ow- 
ing to convenient experimental conditions, availability of a large number of 
comonomers, and insensitivity of most chemical functions to the polymeriza- 
tion conditions. Nevertheless, some macromonomers with a suitable end group 
have been (co)polymerized by cationic polymerization. Provided that living cat- 
ionic polymerization conditions are applied, well-defined graft homopolymers 
or copolymers can be prepared with a predetermined and uniform number of 
branches. 



3.3.2.1 

Vinyi Ether Poiymerizabie Group 

Macromonomers bearing a vinyl ether end group can be cationically polymer- 
ized. This is the case for poly(vinyl ether) macromonomers prepared by living 
cationic polymerization where the vinyl ether end group was introduced by end- 
capping with the sodium salt of VOEM (see Sect. 3.3. 1.2). For instance po- 
ly(IBVE) and poly(BzOVE) macromonomers with homopolymer chain [89] and 
poly(AcOVE-fc-IBVE) with block copolymer chain of various length and compo- 
sition [90] were prepared by this technique. Preliminary studies showed that the 
first two homopolymer macromonomers underwent quantitative cationic 
homopolymerization and copolymerization with IBVE using HI/I 2 as an initiat- 
ing system in CH 2 CI 2 at -15 °C. A more comprehensive study was performed 
with the block copolymer macromonomer. Living cationic polymerization was 
carried out using the HI/Znl 2 initiating system in toluene at -15 °C. The infiu- 
ence of steric effect on conversion was examined by varying the total length of 
the macromonomers at a constant AcOVE/IBVE molar ratio. It was shown that 
the shorter the chain, the higher the polymer yield. Infiuence of the composition 
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was also studied and it appeared that a larger amount of AcOVE was responsible 
for retardation of the polymerization because the ester group could complex the 
Lewis acid and reduce its effective concentration. Finally, the best conditions 
were found for a macromonomer with 5 AcOVE units and 10 IBVE units (Mj^= 
2600 g mol“^ with M^/Mj^=1.13 and Fj^=1.10). Homopolymerisation was carried 
out in toluene at -15 °C and 85% conversion were reached in 3 h to lead to a 
higher MW polymer with narrow MWD (M^= 15,000 g mol"^ as determined by 
light scattering after fractionation and M^/Mj^=1.16 as determined by SEC). The 
calculated DPj^ was 6.3 which was very close to the theoretical value and indicat- 
ed that living polymerization conditions were fulfilled leading to a well-defined 
star-like block copolymer with the predetermined and uniform number of 
branches. The pendant ester groups of AcOVE were hydrolyzed to their alcoholic 
counterpart to give the amphiphilic graft copolymer, the solubility properties of 
which were compared with the corresponding linear and star block copolymers. 

Some previously reported sequence-regulated macromonomers [97] were 
also homopolymerized using non-living (BF 30 Et 2 as an initiator in toluene at 
-15 °C) and living conditions (HI/Znl 2 as an initiator in toluene at -15 °C). In 
both cases, nearly quantitative conversion of the two macromonomers was 
reached, indicating their ability to undergo cationic polymerization. However, 
in the first case, a considerable amount of dimer was recovered whereas, under 
living conditions, the resulting polymer had an average degree of polymeriza- 
tion of 9.4, very close to the theoretical value, with narrow MWD 
(M^/M^<1.1). 

4 

Hyperbranched Polymers 

Highly branched, so called “hyperbranched” macromolecules have recently at- 
tracted considerable interest, in the hope that their properties would closely re- 
semble those of dendrimers. Dendrimers have highly regular branched struc- 
tures, with promising attributes in a variety of applications from catalysis to 
drug delivery. They are however, only available through laborious multistep pro- 
cedures. Hyperbranched polymers, formally prepared by polycondensation of 
ABi type monomers, have recently been prepared starting from AB type mono- 
mers by a process termed self-condensing vinyl polymerization [109]. In this 
process, a vinyl monomer with a pendant initiating moieties is used. Addition of 
this monomer to an active center (radical, cation, or anion) creates two active 
sites (a propagating one and an initiating one). 

Self-condensing vinyl polymerization was first demonstrated with 3-(l-chlo- 
ro ethyl) -ethenylbenzene as an AB type monomer. The cationic polymerization 
was induced by SnCl 4 in CH 2 CI 2 at -15 or -20 °C in the presence of tetrabutylam- 
moniumbromide (Scheme 17). 

The MW - time profile closely resembled that of condensation polymeriza- 
tion; a slow initial increase was followed by an exponential growth in MW with 
time. After 18 h the polymer exhibited M^~250,000 g mol"\ and M^/Mj^=6. The 
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Scheme 17 



final product upon quenching with methanol was an irregular branched poly- 
mer with numerous chloride functions (it is unlikely that methoxy functions, as- 
sumed by the authors are present in measurable amounts). 

The effect of reaction parameters such as [monomer] /[SnCl 4 ] ratio, nature of 
Lewis acid, and quenching agent was also studied [110]. Interestingly, soluble 
product was only obtained with m-substituted styrene. With para-substituted 
styrene the polymer obtained after precipitation in methanol and drying was in- 
soluble. When 3-(l-chloroethyl)-ethenylbenzene was polymerized under iden- 
tical conditions with different Lewis acids, the MW and polydispersity of the 
products increased in the order BCl 3 <SnCl 4 <TiCl 4 . Side reactions such as intra 
and intermolecular alkylation are also expected to increase in the same order 
and apparently contribute to the broad MWDs. An attempt to obtain allyl func- 
tionality, by adding allyltrimethylsilane after the polymerization resulted in 66% 
functionalization. 
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5 

Conclusion 

This review covered recent developments in the synthesis of branched (star, 
comb, graft, and hyperbranched) polymers by cationic polymerization. It 
should be noted that although current examples in some areas may be limited, 
the general synthetic strategies presented could be extended to other mono- 
mers, initiating systems etc. Particularly promising areas to obtain materials 
formerly unavailable by conventional techniques are heteroarm star-block co- 
polymers and hyperbranched polymers. Even without further examples the 
number and variety of well-defined branched polymers obtained by cationic po- 
lymerization should convince the reader that cationic polymerization has be- 
come one of the most important methods in branched polymer synthesis in 
terms of scope, versatility, and utility. 

Acknowledgements. This review could not have been written without support from CNRS 
(France) and NSF (USA) (INT-Grant No. 9512834) that made collaboration between the two 
laboratories possible. 
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Asymmetric Star Polymers: Synthesis and Properties 
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The synthesis and the properties, both in bulk and in solution, of asymmetric star polymers 
are reviewed. Asymmetry is introduced when arms of different molecular weight, chemical 
nature or topology are incorporated into the same molecule. The phase separation, aggre- 
gation phenomena, dilute solution properties etc. are examined from a theoretical and ex- 
perimental point of view. Recent applications of these materials show their importance in 
modern technologies. 
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constant in the Mark-Houwink-Sakurada equation 
Boltzmann constant 
Huggins constant 
chain packing parameter 
low angle laser light scattering 

asymmetric three-arm homostar with two identical arms and 
a third arm with double the molecular weight of the others 
molecular weight 

molecular weight between entanglements 

methyl methacrylate 

number average molecular weight 

number average molecular weight of the precursors 
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MO 

MW 

Mw 

^wi 

N 

Nw>N, 

Na 

Na>Nb 

nA>% 

Ne 

NMR 

OBDD 

ODT 

P(Zo,z) 

P2VP 

P2VPK 

P4MeS 

PB 

PBuMA 

PCL 

PDDPE 

PDMS 

PE 

PEO 

PEP 

PI 

PILi 

PMMA 

POX 

PPO 

PS 

PtBuA 

PtBuMA 

PtBuS 

PVN 

RG 

Rg 

Rh 

Ri 

s 

SANS 

SAS 

SAXS 



membrane osmometry 

molecular weight 

weight average molecular weight 

weight average molecular weight of the precursors 

total number of unit in a miktoarm star 

weight and number average aggregation number 

Avogadro number 

number of unit A or B in a miktoarm star 
number of branches of A and B kind in a miktoarm star 
entanglement length: number of segments between two entangle- 
ments 

nuclear magnetic resonance 

ordered bicontinuous double diamond structure 

order-disorder transition 

probability distribution function 

poly(2-vinyl pyridine) 

poly(2-vinyl pyridinyl) potassium 

poly(4-methyl styrene) 

polybutadiene 

poly(n-butyl methacrylate) 

poly( -caprolactone) 

1 ,4-bis( 1 -phenylethenyl)benzene 

poly(dimethyl siloxane) 

polyethylene 

poly(ethylene oxide) 

poly(ethylene-co-propylene) 

polyisoprene 

polyisoprenyllithium 

poly(methyl methacrylate) 

polyoxazoline 

poly(2, 6-dimethyl phenylene oxide) 
polystyrene 

poly(ferf-butyl acrylate) 
poly(ferf-butyl methacrylate) 
poly(ferf-butyl styrene) 
poly(2-vinyl naphthalene) 
renormalization group theory 
radius of gyration 
hydrodynamic radius 
end to end distance 
entropy 

small angle neutron scattering 

asymmetric three-arm homostar with two identical arms and 
a third arm with half the molecular weight of the others 
small angle X-ray scattering 
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SEC 


size exclusion chromatography 


sec-BuLi 


secondary-butyllithium 


SLS 


static light scattering 




radius of gyration of a miktoarm star copolymer 


<sl> 


radius of gyration of homopolymer 


T 


absolute temperature 


tBuA 


ferf-butyl acrylate 


TEM 


transmission electron microscopy 


T 

g 


glass transition temperature 


THE 


tetrahydrofuran 


u 


interaction parameter between segments 


UV 


ultraviolet 


VN 


2-vinyl naphthalene 


VS 


(4-vinylphenyl)dimethyl vinyl silane 


w(Zo) 


statistical weight of a macrostate 


Xa,Xb 


fractions of components A and B 


z 


distance perpendicular to the interface 
exponent in the Mark-Houwink-Sakurada equation 
decay rate of a correlation function 


Gk 


the ratio <G\> ! < > 


sk 


the ratio <s\> ! < > 

asymmetry parameter 


-CL 


-caprolactam 


[ ] 


intrinsic viscosity 
theta conditions 




second cumulant 
critical exponent 
grafting density 


G 


the ratio <G\ > / < >-\- <G^ > 

^tar ,star 

fractional position of the branch along the backbone 
volume concentration 


A,B 


Flory parameter for components A and B 


e 


volume concentration for entanglements to occur 
length fraction 

Flory-Huggins interaction parameter 


(Zo) 


density profile of chain end 
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1 

Introduction 

Asymmetric star polymers are megamolecules [1] emanating from a central 
core. In contrast to the symmetric stars very little was known, until recently, 
about the properties of the asymmetric stars. This was due to the difficulties as- 
sociated with the synthesis of well-defined architectures of this class of polymer- 
ic materials. The synthesis, solution and bulk properties, experimental and the- 
oretical, of the following categories of asymmetric stars will be considered in 
this review: 

(a) Stars with molecular weight asymmetry 

The arms are chemically identical but differ in molecular weight. 

(b) Stars with chemical asymmetry 

The arms differ in chemical nature. The term miktoarm stars (coming from 
the Greek word p 6 meaning mixed) is used for these polymers. The term 
heteroarm star polymers (hetero from the Greek word ' meaning oth- 
er), used by others for this class of polymers, is not appropriate since it does 
not convey the concept of a group of dissimilar objects. Stars having similar 
chemical nature but different end-groups also belong to this category. 

(c) Stars with topological asymmetry 

The arms are block copolymers which may or not have the same composi- 
tion and molecular weight but differ with respect to the polymeric block 
which is attached to the central point. 

Schematically the above structures are depicted in Fig. 1. 




b) c) 

Fig. la-c. Asymmetric stars with: a molecular weight asymmetry; b chemical asymmetry; 
c topological asymmetry 
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2 

Synthesis 



2.1 

Stars with Molecular Weight Asymmetry 

Three-arm polystyrene (PS) stars having two arms of equal molecular weight, 
and a third one with molecular weight either half or twice that of the identical 
arms, were prepared by Pennisi and Fetters [2]. Their approach involves the re- 
action of living PS chains with a ten-fold excess of methyltrichlorosilane for the 
preparation of the methyldichloro silane end-capped PS. The addition of the 
linking agent's solution to the dilute living polymer solution in benzene, under 
vigorous stirring proved to be efficient for the preparation of the desired prod- 
uct. No coupled byproduct, i.e., the two-arm “star” with a remaining Si-Cl bond 
was detected following this procedure. 

The excess silane was removed after freeze-drying the end-capped PS under 
dynamic high vacuum and then heating the resulting porous material at 50 °C 
for at least 72 h. Purified benzene was re-introduced into the reaction vessel to 
dissolve the polymer. The methyldichlorosilane end-capped PS acted as a mac- 
romolecular coupling agent when it was added to a solution containing a small 
excess of living PS chains having molecular weight half or twice that of the end- 
capped PS. It is well known [3-5] that PSLi cannot undergo complete reaction 
with methyltrichlorosilane due to the steric hindrance of the polystyryllithium 
anions. Therefore the living chains were end-capped with a small amount of 
butadiene. The reduced steric hindrance of the butadienyllithium chain ends fa- 
cilitates the completion of the reaction with the methyldichlorosilane-capped PS. 

The complete linking reaction of low molecular weight PS (<4 10^) to the 
macromolecular coupling agent was achieved using small quantities (2- 
10 vol.%) of triethylamine instead of the butadiene capping method. Triethyl- 
amine is known to disrupt the association of the polystyryllithium in hydrocar- 
bon media [6, 7], thus facilitating the linking reaction. The synthesis of the 
asymmetric PS stars is outlined in Scheme 1. 

The key step of the synthetic procedure is the preparation of the methyl- 
dichlorosilane end-capped PS. This is achieved by choosing the suitable reaction 
conditions, i.e., excess of Si-Cl bonds over living polymer chains, use of dilute 
polymer solutions, vigorous stirring during the addition of the excess linking 
agent to the polymer solution. Size exclusion chromatography (SEC) was used to 
monitor the reaction sequence. After elimination of the excess of the second PS 

+ excess (CH3)SiCl3 ► PS^Si(CH3)Cl2 + LiCl + (CH3)SiCl3t 

PSASi(CH 3 )Cl 2 + 2 PS"Li'^ ► PS^Si(CH 3 )(PSg )2 + ^LiCI 



Scheme 1 
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CgH5C=CH2 



CfiHsCH CHjPSa 



PS^Li + 



l.THF 
2 . ROH 



CgH5C=CH2 CgH5C=CH2 



PSbL! 



C,HX— CH2PS^ 



1. Styrene 
2 . ROH 



^6^59— CH^PS^ 



PSgCH2 CLi 



PSbCH^— C PSc 



C6H5 



C6H5 



Scheme 2 



arms by fractionation, the final products and the different kind of arms, which 
were isolated before the coupling reaction, were characterized by membrane os- 
mometry (MO) and static light scattering (SLS), revealing that well defined star 
polymers were prepared. 

Using the same procedure Pennisi and Fetters prepared a series of asymmet- 
ric polybutadiene (PB) stars in which the third arm was of variable molecular 
weight [2]. It was found more efficient to add the living PB solution to the meth- 
yltrichlorosilane linking agent in order to reduce the formation of the coupled 
byproduct. Similar characterization techniques were also employed in this case. 

Asymmetric polyisoprene (PI) three-arm stars with variable length of the 
third arm were synthesized using the same method [8]. The reaction of the liv- 
ing PI chains with excess methyltrichlorosilane was performed at 5 °C. This low 
temperature was selected in an effort to minimize the coupled byproduct. Nev- 
ertheless the reduced steric hindrance of the PILi chain end in association with 
the low molecular weight of the polydienes used (Mj^=5500 and 1100) led to the 
formation of an appreciable amount of the coupled byproduct, which was later 
separated by fractionation, with the excess of the last coupled arm, using a sol- 
vent-precipitant system. Pure products were finally isolated as evidenced by the 
molecular characterization techniques used (SEC, MO, SLS). 

Asymmetric PS stars of the type (PSa)ii(PSb)j^ were also prepared by the divinyl- 
benzene (DVB) method [9] . Living PS chains, prepared by sec-BuLi initiation, were 
reacted with a small amount of DVB producing star homopolymers. The DVB core 
of the stars contains active anions which, if no accidental deactivation occurs, are 
equal to the number of the arms that have been linked to this core. These active 
sites are available for the polymerization of an additional quantity of monomer. 
Consequently further addition of styrene produced asymmetric star polymers 




78 



N. Hadjichristidis, S. Pispas, M. Pitsikalis, H. latrou, C. Vlahos 



having n branches with molecular weight A and n branches with molecular weight 
B. A small quantity of THF was used to accelerate the second polymerization step. 

The last method for the synthesis of asymmetric stars suffers from the disad- 
vantages that characterizes the DVB method: the broad molecular weight distri- 
butions, compared to stars prepared by chlorosilane chemistry, molecular het- 
erogeneity, since n is an average value, absence of complete control over the final 
product etc. More details will be given in Sect. 2. 2. 1.1. SEC analysis revealed the 
existence of high molecular weight species. This was attributed to the formation 
of linked stars. These structures can be produced when active anionic living 
arms react with other DVB-linked cores. It is evident from the above that the 
products are not as pure as those produced by suitable chlorosilane chemistry. 

Asymmetric three-arm PS stars, possessing chains of different molecular 
weights were also prepared by Quirk and Yoo [10] using l,4-bis(l-phenylethe- 
nyl)benzene (PDDPE) as the linking agent. It was observed that the addition re- 
action of polystyryllithium with PDDPE in THF leads primarily to the formation 
of the monoadduct product, due to the ability of the negative charge to be delo- 
calized into the phenyl rings and the remaining vinyl group. The formation of this 
product was then followed by the addition of the second polystyryllithium chain 
in order to obtain the coupled product. The efficiency of the coupling reaction de- 
pends on the control of the stoichiometry between the reactants. Finally the ad- 
dition of styrene in the presence of THF to promote the crossover reaction leads 
to the formation of the asymmetric PS stars, as shown in Scheme 2. Unreacted 
monoadduct product and PSg homopolymer (the second arm) were also ob- 
served in the SEC trace of the final product due to incomplete linking reactions. 



2.2 

Stars with Chemical Symmetry 



2.2.1 

Miktoarm Stars 

Star polymers of chemically different arms are usually called miktoarm stars. 
Although there are several individual methods for the synthesis of miktoarm 
stars four general methodologies have been developed. Three of them are based 
on anionic polymerization and the fourth on cationic polymerization. In all of 
them the use of appropriate linking agents is necessary. 

2.2.1 .1 

General Strategies and Methods 

2.2.1 .1.1 

Anionic Polymerization Method with Divinylbenzene (DVB) 



The synthesis of miktoarm stars by the DVB method is a three step procedure. 
The first step involves the preparation of the living arm by anionic polymeriza- 
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tion using a suitable initiator. The living precursor then reacts in the second step 
with a small amount of DVB, leading to the formation of a star molecule bearing 
within its core a number of active sites, which is theoretically equal to the 
number of the A arms of the star polymer. Subsequent addition of another mon- 
omer, in the third step, results in the growth of B arms of the miktoarm stars, 
since the active star, prepared at the second step, acts as a multifunctional initi- 
ator for the polymerization of the second monomer. 

The growing B arms have anionic sites at their outer ends thus providing the 
possibility of reacting with electrophilic compounds or other monomers to- 
wards the preparation of end-functionalized stars or star-block copolymers. 
This method can be carried out in inert atmosphere, avoiding the use of the 
highly demanding and time consuming vacuum technique. It was first reported 
by Okay and Funke [11] and by Eschwey and Burchard [12] and developed by 
Rempp and collaborators [13-16]. Scheme 3 illustrates the DVB method. 

Despite the advantages mentioned above the DVB method is characterized by 
several disadvantages, the foremost being the architectural limitations. Only 
stars of the type Aj^Bj^ can be prepared and even in this case there is no absolute 
control of the number of arms, n. In fact, n is an average value and is infiuenced 
by several parameters. Specifically, n is increased by decreasing molecular 
weight of the precursor A and by increasing the molar ratio of the DVB to living 
chains. Another major problem is that a fraction of the living chains A are not 
incorporated into the star structure due to accidental deactivation, the high mo- 
lecular weight of the chains (steric reasons) or the low molar ratio of DVB to liv- 
ing chains. The unreacted living arms A can act as initiators after the addition of 
the second monomer. Another disadvantage is that the B arms cannot be isolat- 
ed and characterized independently. Finally, reaction of the living ends with the 
remaining double bonds of the DVB nodule can lead to the formation of loops 
(intramolecular reaction) or networks (intermolecular reaction). From the 
above, it is clear that the miktoarm stars prepared by this method are character- 
ized by rather poor molecular and compositional homogeneity. 
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2.2.1 .1.2 

Anionic Polymerization with Diphenyiethylenes (DPE) 

1,1 -Diphenyl ethylene (DPE) derivatives were used for the synthesis of mik- 
toarm stars according to the method developed by Quirk [17, 18]. Two moles of 
living polymer A react with one mole of l,3-bis(l-phenylethenyl) benzene, 
DDPE, leading to the formation of the coupled product having two active sites. 
These active sites can act as initiators for the polymerization of another mono- 
mer, thus producing miktoarm stars of the type A 2 B 2 . The reaction sequence is 
given in Scheme 4. 

It is a three step procedure, using a divinyl compound in a similar manner as 
the DVB method. Stars of predetermined architectures can be prepared by this 
method but only polymers of the type A 2 B 2 and ABC have been produced so far. 
More complicated structures such as AB 3 , AB 5 , Aj^Bj^ (with n>2)or ABCD have 
not appeared in the literature. 

The crucial point of the procedure is the control of the stoichiometry of the 
reaction between the living A chains and the DPE derivative, otherwise a mix- 
ture of stars is produced. A major problem is the fact that the rate constants for 
the reaction of the first and second polymeric chain with the DPE derivative are 
different. This results in bimodal distributions because of the formation of both 
the monoanion and dianion. In order to overcome this problem polar com- 
pounds have to be added, but it is well known that they affect dramatically the 
microstructure of the polydienes that are formed in the last step. However the 
addition of lithium sec-butoxide to the living coupled DPE derivative, prior to 
the addition of the diene monomer, was found to produce monomodal well de- 
fined stars with high 1,4 content. Finally another weak point of the method is 
that, as in the case of the DVB route, the B arms cannot be isolated from the re- 
action mixture and characterized separately. It is therefore difficult to obtain un- 
ambiguous information about the formation of the desired products. 




Scheme 4 
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2.2.1. 1.3 

Anionic Poiymerization Foiiowed by Chiorosiiane Coupiing 

The method is based on consecutive reactions of living, anionically prepared 
polymer chains with multifunctional chiorosiiane compounds, which act as 
linking agents. Miktoarm star copolymers, terpolymers and quaterpolymers of 
the type A2B, A3B, A5B, AgBg, (AB)2B, (AB)3B, A2B2, ABC and ABCD have been 
prepared by this method. Using the suitable chiorosiiane and the appropriate re- 
action sequence it is rather easy to predetermine the structure of the final prod- 
uct. The synthesis sequence can be monitored by SEC and all the arms and the 
intermediate and final products can be characterized, thus providing unambig- 
uous proof for the formation of the desired products. The disadvantage of this 
method is that it is time consuming compared with the other ones. Nevertheless 
this limitation is a small price to pay given the potential of this method for gen- 
erating true model compounds of a wide variety of macromolecular architec- 
tures. 



2.2.1. 1.4 

Living Cationic Poiymerization Method 

The recent development of living cationic polymerization systems has opened 
the way to the preparation of rather well defined star homopolymers and mik- 
toarm star polymers [19 and see the chapter in this volume]. Divinyl ether com- 
pounds were used as linking agents in a manner similar to the DVB method for 
anionic polymerization. Typically the method involves the reaction of living pol- 
ymer chains with a small amount of the divinyl compound. A star polymer is 
formed carrying at the core active sites capable of initiating the polymerization 
of a new monomer. Consequently a miktoarm star copolymer of the type A^^Bj^ 
is produced. 

Several experimental parameters infiuence the value of n making it difficult 
to have precise control over the structure [20]. The value of n increases by de- 
creasing the length of A arms, by increasing the feed ratio, i.e., the molar ratio of 
the divinyl ether to the living ends and by increasing the concentration of the liv- 
ing ends. The structure of the monomers and the linking agent plays an impor- 
tant role in determining the quality of the produced stars. Monomers having 
bulky groups lead to the formation of a large amount of low molecular weight 
polymers at the beginning of the reaction sequence, thus leading to mixed prod- 
ucts, which are difficult to separate. Divinyl ethers having long and rigid spacers 
between the two vinyl groups proved to be more efficient coupling agents. Due 
to the analogy with the DVB method this approach is characterized by similar 
disadvantages. Nevertheless the possibility of using monomers that cannot be 
polymerized anionically makes the method attractive and susceptible to several 
applications. 
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2.2.1 .1.5 
Other Methods 

Individual methods have also been devised for the preparation of miktoarm 
stars. One of these approaches involves the preparation of macromonomers pos- 
sessing either central or end vinyl groups which can be used to produce mik- 
toarm stars either by copolymerization of the double bonds or by reacting the 
double bonds with living polymer chains, thus creating active centers able to in- 
itiate the polymerization of another monomer. All these methods are limited to 
specific synthetic problems and cannot be used for the preparation of a wide 
range of different structures. 



2.2.1 .2 

Synthesis of A 2B Miktoarm Star Copoiymers 

One miktoarm star copolymer of the A2B type was prepared by Mays using a 
method similar to the one adopted by Pennisi and Fetters for the synthesis of 
asymmetric stars [ 21 ]. According to this method living PS chains were reacted 
with excess CH3SiCl3 to produce the monosubstituted linking agent, followed by 
the removal of the excess silane by the addition of a slight excess of living PI 
chains. Fractionation was performed to remove the excess PI after the linking 



PS“Li-^ + excess (CH3)SiCl3 ► PS" Si(CH3)Cl2 + LiCl + (CH 3)8103 j 

PS-Si(CH3)a2 + excess PI ■ Li ► PS-Si(CH3)(PI)2 

Scheme 5 



2PS'Li+ + (CH3)Si02H 



CH 



3 



(PS)Si(PS) (I) 
H 



P2VP’Li'^ + CH^=CU CH^Br ► P2VPCH2CH=CH^ (II) 



(I) + (II) (PS)2(P2VP) 



Scheme 6 
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PrU"^ + MgBr^ 



PI-MgBr + LiBr 




Scheme 7 



reaction was completed. The reaction sequence used for the synthesis of the 
(PI) 2 PS miktoarm star is given in Scheme 5. 

The method takes advantage of the steric hindrance of the polystyryllithium 
living end, which in combination with the excess silane used for the linking re- 
action, reduces the possibility for the formation of the coupled byproduct. The 
reaction sequence was monitored by SEC and the reaction products were char- 
acterized by MO, differential laser refractometry and LALLS, revealing that well 
defined polymers were prepared. 

This method was further developed by latrou et al. [22]. All possible combina- 
tions of A 2 B polymers with A and B being PS, PI or PB were prepared. A more so- 
phisticated and complicated high vacuum technique was used to ensure the forma- 
tion of well defined products. High degrees of molecular, structural and composi- 
tional homogeneity were achieved by this technique, as was evidenced by the com- 
bination of all the molecular and spectroscopic characterization data. In a more re- 
cent study stars having deuterated PS arms, (PI) 2 (d-PS) were also prepared [23]. 

An A 2 B star having two PS arms and one poly(2-vinyl pyridine) (P2VP) arm, 
(PS)2(P2VP) was prepared by Eisenberg et al. using a different approach [24]. 
Living PS chains were linked to dichloromethylsilane, CH 3 SiCl 2 H to produce the 
two arms of the star. In another reactor living P2VP was reacted with allyl bro- 
mide. A hydrosilylation addition of the Si-H group of the two-arm star to the vi- 
nyl group of the end-functionalized P2VP was performed to produce the final 
miktoarm star. The reaction sequence is outlined in Scheme 6. 

The miktoarm stars were characterized by medium polydispersities 
(M^/Mj^=I= 1.33- 1.50) probably due to incomplete hydrosilylation. It is charac- 
teristic that only small molecular weight P2VP arms were used to facilitate the 
linking reaction. This is evidence of the limitations of the hydrosilylation reac- 
tion for the preparation of miktoarm stars. 

Anionic polymerization techniques and naphthalene chemistry were used by 
Teyssie et al. to prepare A 2 B miktoarm stars, where A is poly(ethylene oxide) 
(PEO) and B is PS, PI, poly( -methyl styrene) or poly(terf-butyl styrene) [25]. 
The reaction sequence is shown in Scheme 7. 
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Scheme 8 
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PEO-* 



RuCl 2 
EtOH 




(I) 



(I) + POX- 




where , : 




styrene + sec-BuLi ^ PS ' Li 

PS'Li+ + isoprene p, (PS-b-PI)Li^ 

PS‘Li+ + excess (CH3)SiCl3 »■ PSSi(CH3)Cl2 + LiCl + (CH3)SiCl3t 

2 (PS-b-PI)'Li+ + PSSi(CH3)Cl2 PS(PI-b-PS)2Si(CH3) + 2LiCl 

Scheme 9 



Living polymer chains were reacted with bromomethyl naphthalene but a 
fairly large amount of the coupled byproduct was formed. The byproduct was 
minimized to 5-10% by using the Grignard reagent, leading to the formation of 
A 2 B stars. The final polymer was contaminated by the starting homopolymers 
and traces of PEO homopolymer. Polydispersity indices as high as 1.2- 1.3 were 
obtained with this procedure. 

A special technique was employed by Naka et al. for the preparation of A 2 B 
stars, A being PEO and B polyoxazoline (POX) [26] according to Scheme 8. Ru(III) 
complexes with bipyridyl terminated polymers were utilized in this method. 
Characterization data were not provided for these miktoarm star copolymers. 

The chlorosilane method was adopted for the synthesis of miktoarm stars of 
the type B(A-^7-B)2 where A is PI and B is PS [27]. The synthetic procedure was 
similar to that used for the preparation of A 2 B stars except that two of the arms 
are diblock copolymers, as shown in Scheme 9. Extensive characterization data 
were given to confirm the synthesis of well defined copolymers. 
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PS‘Li+ + excess SiCl^ ► PS-SiC^ + LiCl 

PS -SiClg + excess PI“ Li p, PS-SiPI^ + 



+ SiCl^t 
3 LiCl 



Scheme 10 



2.2.1. 3 

Synthesis ofA^B Miktoarm Star Copolymers 

The work on the A 2 B stars was expanded to the synthesis of miktoarm stars of 
the type A 3 B, where A is PI and B is PS [28]. SiCl 4 was used as the linking agent. 
Living PS chains were reacted with an excess of the linking agent for the prepa- 
ration of the trichlorosilane end-capped PS. After the evaporation of excess SiCl 4 
the macromolecular linking agent was added to a slight excess of the living PI 
chains to obtain the A 3 B star. The reaction sequence, given in Scheme 10 , was 
monitored by SEC. The products after extensive characterization were found to 
have high degree of molecular and compositional homogeneity. 

A similar procedure was followed for the synthesis of miktoarm stars of the 
type B(A-fc-B) 3 , A being PI and B PS [27]. 

A different approach but still in the frame of the chlorosilane method was 
adopted by Tsiang for the synthesis of miktoarm star copolymers, 

where A is PS and B is PB [29]. Living PB chains were reacted with SiCl 4 in a mo- 
lar ratio 3:1, followed by the addition of the living diblock PS-fc-PBLi. The key 
step of the method is the succesfull synthesis of the (PB) 3 SiCl intermediate prod- 
uct. The reduced steric hindrance of the PBLi chain end poses questions about 
the purity of this polymer, since several byproducts, such as (PB) 2 SiCl 2 , (PB) 4 Si, 
PBSiCl 3 can be formed in the first step of the synthesis. SEC analysis was per- 
formed to monitor the reaction sequence. 

It is obvious that the method developed by Tsiang is very demanding with re- 
gard to the stoichiometry of the reagents. The byproducts are almost impossible 
to separate. 

2.2.1. 4 

Synthesis ofA„B (n 5) Miktoarm Star Copolymers 

Miktoarm star copolymers of the type A 5 B were prepared [30] in a similar man- 
ner to the A 2 B and A 3 B type stars. The reaction sequence is outlined in 
Scheme 11. 

Living PS chains were reacted with l,2-bis(trichlorosilyl)ethane in a ratio 
Li:Cl=l: 6 . Dropwise addition of the living polymer solution into the vigorously 
stirred solution of the linking agent was performed to minimize the coupling 
product. Under these conditions 15% of the coupled product was formed. The 




86 



N. Hadjichristidis, S. Pispas, M. Pitsikalis, H. latrou, C. Vlahos 



styrene + sec-BuLi ► PS Li^ 

PS'Li"^ + CljSiCHjCHjSiClj ► Cl^SiCH^CH^SiCl^PS) + LiCl 

isoprene + sec-BuLi ► Pl'Li^ 

CljSiCH^CH^SiCl^PS) + SPrLi"^ ► (PI)3SiCH2CH2Si(PI)^S) + 5 LiCl 

Scheme 11 




(II) + excess PS'Li+ ► (PS)^^(PVN) 

Scheme 12 

pentachlorosilane-capped PS was then reacted with excess PILi for the prepara- 
tion of the A 5 B copolymer. Fractionation techniques were employed to isolate 
the desired polymer. The stoichiometric addition of the living PS to the silane 
was chosen in this case instead of using excess silane, since this hexafunctional 
silane is solid and consequently its excess cannot easily be removed. The 
progress of the reaction was monitored by SEC. The combined characterization 
results proved the narrow distribution in molecular weight and composition of 
the final products. 

Star polymers having several PS branches and only one poly(2-vinyl naphtha- 
lene), PVN branch were prepared by Takano et al. using anionic polymerization 
techniques [31]. Sequential anionic block copolymerization of (4-vinyl-phenyl) 
dimethylvinylsilane (VS) and VN was employed. The double bonds attached to 
silicon have to remain unaffected during the polymerization of VS. This was ac- 
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Scheme 13 



complished using THF as a solvent and short polymerization times. The PVS 
block with the unreacted double bonds was used as a multifunctional linking 
agent. Subsequent addition of living PS chains produced miktoarm stars of the 
type (PS)j^PVN, as shown in Scheme 12. Characterization studies revealed that 
n=13. 

The method adopted for the synthesis of these stars can be considered as a 
macromonomer method, since end-reactive vinyl groups were used for the link- 
ing of the PS arms. There is a possibility that the silyl vinyl anion formed after 
the addition of the living PS chains reacts with silyl vinyl groups; this effect was 
minimized using short VS blocks and a large excess of PS anions. 

Similar structures of the ABj^ type were prepared by Wang et al., A being PS 
and B PB or P2VP [32, 33]. Due to the much higher molecular weight of the PS 
arm the polymers were called umbrella copolymers. The reaction sequence for 
the preparation of the PS(PB)j^ copolymers is given in Scheme 13. Butadiene was 
polymerized anionically in the presence of dipiperidinoethane (dipip) followed 
by the addition of styrene. A diblock copolymer having a PS chain and a short 
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1,2 PB block was thus prepared. Hydrosilylation chemistry was employed for the 
incorporation of the -Si(CH3)Cl2 or -Si(CH3)Cl groups to the 1,2-PB double 
bonds. Subsequent addition of 1,4 PBLi or P2VPK leads to the formation of the 
umbrella copolymers. The limited control exercized over the hydrosilylation re- 
action means that the number of the arms cannot be accurately predicted. Roo- 
vers and collaborators succeeded to prepare umbrella-star copolymers [(PS-u- 
P2VP)n]m- The synthesis is based on the reaction of (PB-l,2)-^7-PSLi with chlo- 
rosilane having 32 peripheral Si-Cl bonds followed by hydrosilylation of the PB 
and reaction with P2VPLi. 

2.2.1 .5 

Synthesis of A2B 2 Miktoarm Star Copolymers 

The synthesis of miktoarm star copolymers of the type A2B2 was first reported 
by Xie and Xia [34]. A chlorosilane method was employed to prepare PS2PEO2 
stars according to Scheme 14. Living PS chains were reacted with SiCl4 in a mo- 
lar ratio 2:1 leading to the formation of the two-arm product. The remaining Si- 
Cl bonds can be used for the linking reaction of living PEO chains. The process 
is facilitated by the increased steric hindrance of the living PS chain ends. It is, 
indeed, very difficult to prepare the three- or four-arm PS stars. From this point 
of view the control of the stoichiometry is not very important in this specific 
case. Using CH3SiCl3 instead of SiCl4 A2B miktoarm stars were also prepared. 

A different approach was followed by latrou and Hadjichristidis for the syn- 
thesis of PS2PB2 miktoarm stars [35] according to Scheme 15. The first step in- 
volved the reaction of living PS chains with excess SiCl4, followed by the evapo- 
ration of the excess silane in a similar manner as was described in the case of the 
A3B stars. The second PS arm was incorporated by slow stoichiometric addition 
(titration) of one living PS chain to each PSSiCl3. This procedure was monitored 
by SEC taking samples from the reactor during the titration. The last step in- 
volved the addition of a small excess of living PB chains for the preparation of 
the (PS)2(PB)2 miktoarm star. 



2 PS~Li+ + SiCl 
4 



CgHj/THF 



(PS)^SiCl2 



excess PEO “K"^ 



(PS)^Si(PEO)2 



Scheme 14 



PS‘Li+ + excess SiCl^ ^ PSSiC^ + LiCl + SiCl^| 

PSSiCl3 + PS~T.i+ titration ^ (pS^^SiCI^ + LiCl 
(PS)2SiCl2 + excess PB'Li+ ► (PSyPB)^ + 2 LiCl 



Scheme 15 
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Using a method similar to that of Xie and Xia, Young et al. prepared (PS) 2 (PI )2 
miktoarm stars [36]. Living PS chains were reacted with SiCl 4 in a molar ratio 
2:1 for the formation of the two-arm product. Subsequent addition of living PI 
chains led to the formation of the miktoarm star. 

A 2 B 2 stars, A being PI and B PB were also prepared by two different methods 
[37]. The first method involved the end-capping reaction of living PI chains with 
2-3 units of styrene in order to increase the steric hindrance of the active chain 
end, followed by titration with SiCl 4 and finally reaction with an excess of PBLi. 
According to the second method living PI chains were reacted with SiCl 4 in a 
molar ratio 2:1 at -40 °C. This low temperature route was performed in order to 
reduce the reactivity of the living chain end, thus avoiding the formation of mac- 
romolecular linking agents with different functionalities. Subsequent addition 
of excess PILi led to the formation of the A 2 B 2 miktoarm stars. 

Stars of the type A 2 B 2 were also prepared by the method developed by Quirk 
et al. In this case A was PS and B PI or PB [38, 39]. Stars of the type A2(B-^7-A)2, 
where A was PS and B PB were also synthesized by this method. The disadvan- 
tages of the method have already been mentioned. In order to overcome these 
problems the reaction of the living PS chains with the divinyl compound were 
monitored by SEC and UV spectroscopy, by observing the increase in absorb- 
ance of the diphenyl alkyllithium species at 438 nm. It is obvious that the meth- 
od is very demanding experimentally and a lot of effort has to be exercised for 
the preparation of well defined products. 



2.2.1. 6 

Synthesis ofA„B„ (n>2) Miktoarm Star Copoiymers 

Multiarm miktoarm stars have been prepared by a variety of methods. Model 
miktoarm stars, called Vergina star copolymers, bearing 8 PS and 8 PI branches, 
PSgPIg were synthesized using chlorosilane chemistry [40]. A silane with 16 Si- 
Cl bonds Si[CH 2 CH 2 Si(CH 3 )(CH 2 CH 2 Si(CH 3 )Cl 2 ) 2]4 was used as linking agent. 
Living PS chains were reacted with the linking agent in a molar ratio 8:1 for the 
preparation of the eight-arm star. Even a slight excess of PSLi (~5%) can be used 
without the incorporation of more than eight arms due to the steric hindrance 
of the already attached chain per Si atom. A small excess of PILi was finally add- 
ed to prepare the desired product. 

The most widely used method for the preparation of miktoarm stars of the 
type Aj^Bj^ is the DVB method, which has already been mentioned. The polymers 
prepared by this method have PS as A arms and PtBuMA, PtBuA, PBuMA, PEO 
or P2VP as B arms [41-43]. SEC was used to monitor the reaction steps and the 
molecular characterization data showed that the products were not of the same 
degree of homogeneity as those prepared by the chlorosilane method, due to the 
disadvantages inherent of the method. 

Structures of the same type have also been prepared by cationic polymeriza- 
tion techniques, as can be seen in Scheme 16. Vinyl ethers having isobutyl-, ac- 
etoxy ethyl-, and malonate ethyl- pendant groups have been used. Hydrolysis of 
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(III) hydrolysis ^ amphiphilic miktoarm star copolymer 

Scheme 16 
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the esters led to the preparation of amphiphilic miktoarm star copolymers [44- 
46]. The products were mainly characterized by SEC and NMR spectroscopy, 
whereas only limited molecular characterization data were given in these studies. 

Ishizu and Kuwahara have developed a macromonomer technique for the 
synthesis of miktoarm stars of the type PS and PI macromonomers having 
end vinyl groups were prepared by the coupling reaction of the corresponding 
living anions with p-chloromethylstyrene. Anionic copolymerization of the PS 
and PI macromonomers was performed in benzene solutions using n-BuLi as in- 
itiator. The products can be considered miktoarm stars of the type A^^B^^, as ev- 
idenced by their solution and solid state properties [47]. The reaction series is 
given in Scheme 17. 

It was found that the reactivity ratios of the copolymerization system greatly 
influences the number of the arms of the star polymer. 

Diblock macromonomers having central vinyl groups were used for the syn- 
thesis of (PS)j^(PtBuMA)j^ miktoarm stars [48, 49]. The macromonomers were 
prepared by sequential anionic polymerization of styrene, 1,4-divinyl benzene 
(DVB) and tert-hutyl methacrylate. The DVB monomer was left to react with the 
living PS chains for short times (~5 min) so that a few DVB units can be incor- 
porated at the end of the PS chains and the formation of PS stars can be avoided. 
Free radical polymerization in solution and in bulk using AIBN as initiator, te- 
tramethylthiuram as a photosensitizer and ethylene glycol dimethacrylate as a 
cross linking agent was carried out for the synthesis of the miktoarm stars. A 
similar experiment was performed using PS-^7-P2VP diblocks having central 
isoprene units [49]. 

A cyclophosphazene derivative was used as a linking agent to produce mik- 
toarm stars consisting of PS and Nylon-6 branches [50] , according to Scheme 1 8. 

The linking agent was prepared by reacting the hexachlorocyclotriphos- 
phazene with 4-hydroxy benzoic acid ethyl ester and subsequent hydrolysis with 
NaOH. The acid groups thus prepared were transformed into acid chloride by 
treatment with SOCI 2 . PS chains were linked to this linking agent by two meth- 
ods. The first method involved the addition of anionically living PS chains to the 
linking agent. For the second method radical polymerization of styrene in the 
presence of 2-aminoethanethiol was performed producing amine terminated 
PS. These end-capped polymers were reacted with the linking agent. In both cas- 
es the coupling was not complete. Hydrolysis of the remaining acid chloride 
groups and titration of the resulting acid groups showed that less than 2 groups 
remained unreacted. These acid groups were used for the ring opening polym- 
erization of -caprolactam ( -CL) giving rise to the formation of miktoarm 
stars. It is obvious that there is poor control over the coupling reaction of the PS 
chains to the linking agent. The molecular weight of the PS arm affects the de- 
gree of displacement of the acid chloride groups. The higher the molecular 
weight of the PS the lower the number of arms incorporated at the star's center. 
These results in combination with the use of ring opening and radical polymer- 
ization in one of the possible routes leads to products with broad molecular 
weight distributions and poor control over the final structure. 
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2.2.1. 7 

Synthesis of ABC Miktoarm Star Terpolymers 

Miktoarm star terpolymers of the type ABC have been prepared by several 
methods. latrou and Hadjichristidis reported the synthesis of a miktoarm star 
consisting of PS, PI and PB branches radiating from the star center [51]. This was 
achieved using the chlorosilane method and the step by step linking of the dif- 
ferent branches to the trichloromethylsilane, which was the linking agent, as 
shown in Scheme 19. 

A solution of living PI chains was added to a large excess of the silane, fol- 
lowed, after the evaporation of the excess trichloromethylsilane, by the slow sto- 
ichiometric addition (titration) of the living PS chains, exactly as was described 
in the case of the A 2 B 2 star copolymers. The formation of the desired product, 
(PS)(PI)(CH 3 )SiCl was monitored by SEC taking samples from the reactor dur- 
ing the titration process. The ABC star was finally prepared by the addition of a 
slight excess of PBLi. 

The order of linking of the different branches to the silane plays an essential 
role, since the less sterically hindered chain end, namely PBLi, has to be added 
at the end of the procedure and the most sterically hindered chain end, namely 
the PSLi has to be added at the titration step in order to prevent the complete re- 
action with the macromolecular difunctional linking agent. The final products 
were characterized by low molecular weight distributions and high structural, 
compositional and molecular homogeneity indicating that this step by step ad- 
dition of the different branches provides excellent control during the synthetic 
procedure. 

Using the same route asymmetric AA'B miktoarm stars were also prepared [52]. 
These are stars having two chemically identical A arms but of different molecular 
weights. In other words the B chain is not grafted at the middle of the A chain as in 
the case of the symmetric A 2 B stars. A was deuterated PS and B PI in that case. 

The macromonomer method was used by Fujimoto et al. for the preparation 
of (PS)(PDMS)(PtBuMA) stars [53], as described in Scheme 20. The lithium salt 
of the p-(dimethylhydroxy)silyl- -phenyl styrene was synthesized and used as 
initiator for the polymerization of hexamethylcyclotrisiloxane (D 3 ). Living PS 
chains were reacted with the end double bond of the macromonomer, followed 
by the anionic polymerization of the f-BuMA. 



PI’Li+ + excess (CH3)SiCl3 ► PI (CH 3)810 ^ + LiO + (^3)8103! 

PI(CH3)SiClj + PS'Li-^ * (PI)(PSXCH3)SiCl + LiCl 

(PI)(PSXCH3)SiCl + excess PB‘Li+ ► (PI)(PSXPB) + LiCl 



Scheme 19 
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CH. 




(II) + t-BuMA ► (PS)(PDMS)(Pt-BuMA) 

Scheme 20 




Scheme 21 
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The PDMS was characterized by rather broad molecular weight distributions 
(1-1.4) and so fractionation was performed, before continuing to the following 
synthetic steps, in order to reduce the polydispersity of the final product. As in 
the previous two cases the polymethacrylate branch cannot be isolated and 
checked independently. 

A similar synthetic route was adopted by Stadler et al. for the synthesis of 
(PS) (PB) (PMMA) stars [54] as shown in Scheme 21. Living PS chains were end- 
capped with l-(4-bromomethylphenyl)-l -phenyl ethylene to produce the mac- 
romonomer. The capping reaction with DPE was employed in order to reduce 
the reactivity of the PSLi chain ends thus avoiding several side reactions (trans- 
metallation, addition to the double bond of the DPE derivative). The next step 
involved the linking of living PB chains, prepared in THF at -10 °C to the end 
double bond of the macromonomer. This produces a new active center which 
was used to initiate the polymerization of MMA leading to the formation of the 
desired product. 
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The chlorosilane method was also used by Hadjichristidis et al. for the syn- 
thesis of miktoarm stars having PS, PI and PMMA arms [55, 56]. The reaction 
sequence is presented in Scheme 22. The monofunctional macromolecular 
linking agent (PS)(PI)(CH 3 )SiCl was prepared using procedures similar to 
those described above, followed by reaction with a dilute solution of a dilithium 
initiator, formed by the reaction between 1,1-diphenylethylene (DPE) and Li. 
This route was carried out to ensure that only one of the initiator's active cent- 
ers reacts with the linking agent. The remaining active center was used to po- 
lymerize MMA in THF at -78 °C yielding the desired miktoarm star. According 
to this procedure the PMMA branch cannot be isolated and cannot be charac- 
terized independently. It was observed that during the synthesis of the difunc- 
tional initiator a rather large amount (as high as -30%) of monofunctional spe- 
cies was also formed. These active species do not affect the synthesis of the ABC 
star but they give PS-b-PI diblocks by reacting with the (PS)(PI)(CH 3 )SiCl link- 
ing agent, thus reducing the yield of the desired polymer and making its isola- 
tion from the crude product more difficult. Nevertheless this was the first at- 
tempt to combine the chlorosilane method with the polymerization of meth- 
acrylates. 

A similar technique was employed for the synthesis of miktoarm stars having 
PS, PEG, poly( -caprolactone) (PCL) or PMMA branches [57]. A PS-^7-PMMA 
diblock copolymer possessing a central DPE derivative, bearing a protected hy- 
droxyl function was prepared. After deprotection and transformation of the hy- 
droxyl group to an alkoxide the anionic ring opening polymerization of the third 
monomer (EG or -CL) was initiated. Gnly limited characterization data were 
given in this communication. 

2.2.1 .8 

Synthesis ofABCD Miktoarm Star Quaterpolymers 

Gnly one case concerning the synthesis of a miktoarm star quaterpolymer has 
appeared in the literature. It consists of four different branches, namely PS, po- 
ly(4-methyl styrene) (P4MeS), PI and PB [35]. The reaction sequence for the 
preparation of this miktoarm star is presented in Scheme 23. The procedure was 
similar to the one adopted for the synthesis of the ABC-type terpolymers by the 
chlorosilane method. The characteristic of this method is that two of the arms 
were incorporated to the linking agent by titration. Consequently the order of 
addition plays an important role for the preparation of well defined products. PS 
was chosen to react first with an excess of SiCl 4 , followed after the evaporation 
of the excess silane, by the titration with the more sterically hindered P4MeS so 
that only one arm can be incorporated in the star. The moderately hindered PILi 
anion was then added by titration, followed by the addition of the fourth arm, 
which is the least sterically hindered PBLi anion so that complete linking can be 
achieved. The reaction sequence was monitored by SEC and these results in 
combination with the molecular and spectroscopic characterization data 
showed that well defined quaterpolymers were prepared. 
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PS'Li"'' + excess SiCl^ ► (PS)SiCl 3 + LiCl + SiCl^f 

(PS)SiCl 3 + P4MeS‘Li+ titration ^ (ps)(P4MeS)SiCl2 + LiCl 
PrLi"^ + (PS)(P4MeS)SiCl2 titration ^ (PS)(P4MeS)(PI)SiCl + LiCl 

(PS)(P4MeS)(PI)SiCl + excess PBTLi+ ►(PS)(P4MeS)(PlXPB) + LiCl 

Scheme 23 




C3 = Zw: (CHahN^^^^CHzCHzCHzSOj^'^ 
Fig. 2. Asymmetric PB stars with functional end-groups 



2 . 2.2 

Asymmetric -Functionalized Polymers 

Three-arm PB stars having arms of equal molecular weight but with different 
functional end-groups were prepared [58]. One or two functional dimethylamine 
groups were introduced using the functional initiator 3-dimethylaminopropyllith- 
ium (DMAPLi) [59-61]. Post polymerization reactions were carried out to trans- 
form the dimethylamine groups to zwitterions of the sulfobetaine type (Fig. 2). 

The method used for the synthesis was similar to the one developed by Pen- 
nisi and Fetters for the synthesis of asymmetric stars, having different molecular 
weight arms. The synthesis of the three-arm stars with one of them end-func- 
tionalized with dimethylamine end-group is outlined in Scheme 24. A solution 
of living amine-functionalized PB, prepared using DMAPLi as initiator was add- 
ed to a large excess of methyltrichloro silane (Si-Cl/C-Li~ 100/1) in order to syn- 
thesize the methyldichloro silane end-capped iV-functionalized PB. The excess 
silane was removed under reduced pressure. The polymer was repeatedly redis- 
solved and dried. Purified benzene was distilled into the reactor to redissolve the 
silane-capped arm. Finally a slight excess of the unfunctionalized arms, pre- 
pared using sec-BuLi as initiator, was reacted with the macromolecular linking 
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(CH3)2NCH2CH2CH2 Li ^ + B ► (CH3)2 N‘v\wvvw'waa‘ L i"^ 

DMAPLi NPBLi 

(CHj)2N- — — — '‘ 0 + +excess(CH3)SiClj ► (NPB)(CH3)SiCl2 + LiCl +(^3)81013! 



2 PBLi + (NPB)(CH3)SiCl2 ► (NPB)(PB)^(CH3)Si + 2 LiCl 



(NPB)(PB)2(CH3)Si 
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Scheme 24 



agent leading to the formation of three-arm stars with one dimethylamine end- 
group. Subsequent reaction with cyclopropane sultone transformed the dimeth- 
ylamine groups into zwitterions. 

The synthesis of stars with two functional end-amine groups, 2AT-3-PB were 
prepared in a similar manner. The living unfunctionalized arm was reacted with 
an excess of methyltrichlorosilane followed after the removal of the excess silane 
by addition of a small excess of the functionalized living arms to the unfunction- 
alized chlorosilane-capped arm. When the arm molecular weight was lower than 
ca. 10^ the amount of coupled byproduct of the reaction with the excess silane 
was very large (>10%). This result, together with the fact that all the arms have 
the same molecular weight, makes the separation of the byproduct from the de- 
sired star impossible. In order to minimize the coupling reaction the living pol- 
ymer was end-capped with 1,1-diphenylethylene (DPE). This capping reaction, 
accelerated by the addition of a small quantity of THF, reduces the amount of the 
coupled product to acceptable levels (<3.5%). 

The reaction sequence was monitored by SEC. The molecular characteriza- 
tion was carried out by MO and SLS for both the intermediate and final prod- 
ucts, revealing that well defined stars were prepared. 



2.3 

Stars with Topological Asymmetry 

A new class of asymmetric stars, the so-called inverse star block copolymers, 
were recently reported by Tselikas et al. [62]. These polymers are four-arm stars. 
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isoprene + sec-BuLi »PrLi+ (PI-b-PS)Li+ (I) 

THF(trace) 

styrene + sec-BuLi ► PS'^Li"*" ^ (PS-b-PI) Li (U) 

2(1) + SiCl^ (PI-b-PS)^SiCl2 + 2UC1 

(PI-b-PS) 2 SiCl 2 + excess (II) ». (Pl-b-PSI^SilPI-b-PS)^ + 2 LiCl 

Scheme 25 



with each of these arms being a diblock copolymer of isoprene and styrene. Two 
of these blocks are connected to the star's center with their PS end, while the oth- 
er two blocks with their PI end. Consequently the asymmetry is due to the dif- 
ferent topology of the arms. 

The synthetic procedure for the synthesis of the inverse starblock copolymers 
is given in Scheme 25. Diblock arms (I) having the living end at the PS chain end 
were prepared by anionic polymerization with sequential addition of mono- 
mers. In order to accelerate the crossover reaction from the PILi to the PSLi 
chain end a small quantity of THF was added prior the addition of styrene. The 
living diblock (I) solution was added dropwise to a stoichiometric amount of 
SiCl 4 until two arms are linked to the silane. This step was monitored by SEC and 
is similar to a titration process. The end point of the titration was determined by 
the appearance of a small quantity (~1%) of trimer in the SEC trace. The diblock 
(I) was selected over the diblock (II) due to the increased steric hindrance of the 
styryl anion over the isoprenyl anion, which makes easier the control of the in- 
corporation of only two arms into the silane. 

The difunctional macromolecular linking agent was then reacted with a small 
excess of the living diblock (II) for the preparation of the inverse star block co- 
polymers. In order to facilitate the reaction with the macromolecular linking 
agent the living diblock was end-capped with 3-4 units of butadiene. 

Extensive molecular characterization studies of the arms and the final prod- 
ucts by MO and SLS and compositional characterization studies by NMR, 
UV-SEC and differential refractometry lead to the conclusion that the copoly- 
mers are characterized by a high degree of molecular and compositional homo- 
geneity. 
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3 

Properties 



3.1 

Solution Properties 



3.1.1 

Theory 

Relatively few theoretical studies have been devoted to the conformational char- 
acteristics of asymmetric star polymers in solution. Vlahos et al. [63] studied the 
conformational properties of miktoarm copolymers in different solvents. 
Analytical expressions of various conformational averages were obtained from 
renormalization group calculations at the critical dimensionality d=4 up to the 
first order of the interaction parameters u^, Ug, and u^g between segments of the 
same or different kind, among them the radii of gyration of the two homopoly- 
mer parts < 5^ > (k=Aj^ or and the whole miktoarm chain < 5^ ^ > , the 
mean square distance between the centers of mass of the two homopolymer 
parts A and b < ^ > and the mean square distance between the center of 

mass of a homopolymer part and the star common origin <G\> (k=Aj^ or Bj^). 
The critical exponents, , of these conformational averages (<A>~M^ ) were 
found to be unaffected by the cross interactions between dissimilar units and are 
determined only by the prevailing solvent conditions within the homopolymer 
arms. Thus in common theta solvents, is equal to 1/2, while for common good 
and selective solvents, =1/2-1- /16, where =4-d. From the analytical expres- 
sions and those corresponding to the homopolymer precursors (i.e., a homopol- 
ymer star chain with the same number of branches and units as the k homopol- 
ymer part in the miktoarm star copolymer) they arrived at the following ratios 

S,={si)/{sltar) ik = A„orBJ (2) 

Gk ^ ^ {^Istar ) i^ = A„ or B„) (3) 

These ratios are the most important means of quantitatively characterizing 
the effects of heterointeractions in copolymers, since their analytical formulas 
depend only on the chain composition and the cross excluded volume parameter 
u^g"^. For a particular miktoarm chain the ratio q increases from a common 
good to selective and then to a common theta solvent since the intensity of het- 
erointeractions increases. In Fig. 3 is illustrated the dependence of the chain to- 
pology as function of the length fraction of the B branch g=Ng/(N^-l-Ng). Sim- 
ilarly, the ratios have higher values in a common theta than in a common good 
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Fig. 3. Expansion factor q of the mean square distance between the two centers of mass as 
a function of g for miktoarm copolymers with x=2 and various values of f-x. 

Ua=Ub= O^Uab = / 8 (reproduced with permission from [63]) 




Fig. 4. Ratio ^ function of g for miktoarm copolymers with x=3 and various 

values of f-x. Ua=Ub= O^Uab = / 8 (reproduced with permission from [63]) 
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solvent. In a selective solvent however the cross interactions are as effective as in 
the macroscopic state of common theta or a common good solvent depending on 
the solvent conditions within the homopolymer part. The dependence of length 
fraction of B arms on the ratios is shown in Fig. 4. Miktoarm stars where 
A or B are deuterated are necessary in order to evaluate these theoretical predic- 
tions. 

The same group also calculated the dimensionless ratios q and for mik- 
toarm star copolymers by means of off-lattice Monte Carlo simulations [64] . The 
model considers Gaussian units with Lennard-Jones intramolecular interactions 
whose parameters have been set to mimic the various macroscopic states. Poly- 
mers of the A 2 B, A 2 B 2 , A 2 B 4 , A 3 B 3 and A^B^ type with equal length branches and 
total number of units N=24, 48, 84, 108, 144 and 204 have been generated. The 
Pivot algorithm was used for the generation of the Monte Carlo sampling. The 
values of the ratios extrapolated to the limit of large molecular weights are pre- 
sented in Table 1 . 



Table 1 . The extrapolated values of the dimensionless ratios q, 3 and q by Monte 
Carlo calculations. The values in brackets are data by Renormalization Group analysis 





AjB 


A 2 B 2 


A2B4 


A3B3 








common theta 






G 


1.518±0.013 


1.833±0.024 


2.207±0.016 


2.454±0.022 


5.021±0.050 




(1.498) 


(1.648) 


(1.997) 


(1.971) 


(2.943) 




1.074±0.15 


1.103±0.013 


1.140±0.020 


1.120±0.009 


1.119±0.013 




(1.127) 


(1.254) 


(1.508) 


(1.413) 


(1.872) 






selective solvent (theta for A) 




G 


1.419±0.005 


1.605±0.015 


1.920±0.021 


1.980±0.018 


3.054±0.038 




(1.374) 


(1.486) 


(1.748) 


(1.729) 


(2.457) 


5a 


1.061±0.009 


1.107±0.018 


1.173±0.014 


1.150±0.009 


1.207±0.010 


Ga 


1.258±0.020 


1.371±0.014 


1.584±0.018 


1.590±0.027 


2.093±0.035 






common good 






G 


1.294±0.005 


1.424±0.009 


1.562±0.015 


1.616±0.017 


2.102±0.037 




(1.249) 


(1.324) 


(1.498) 


(1.486) 


(1.971) 


5a 


1.037±0.004 


1.068±0.004 


1.129±0.008 


1.102±0.004 


1.151±0.003 


Ga 


1.086±0.007 


1.171±0.009 


1.321±0.015 


1.285±0.011 


1.529±0.007 






artificially segregated 






G 


3.497±0.004 






6.053±0.003 


9.311±0.002 


Ga 


2.868±0.004 






3.484±0.003 


5.141±0.002 
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According to the simulation results the mean conformation achieved by the 
miktoarm stars in solution is characterized by a significant deformation along 
the arms, mainly near the star center where the possibility of interactions is 
high and a change in the relative orientation of the vectors and (de- 
termined from their angle) extends the center of mass separation in or^Ser to 
diminish the repulsions. The results show that both mechanisms have a similar 
influence on the increase of the < ^ > • The values of the ratio however 

corresponding to an artificial segregated model (also considered in this work) 
are very large compared to the value of a single chain in various solvents. It is 
concluded that in dilute solutions the miktoarm chain does not segregate in- 
tramolecularly. As in the previous case experimental results are not available. 

Vlahos et al. [65] have determined the dimensionless ratio q by intrinsic 
viscosity analysis for the A 2 B and A 3 B miktoarm stars in various solvent con- 
ditions. Considering the ratios 3 ^ and 3 ^ to be close to 1 for the particular 
miktoarms studied in this work tliey arrived at the following equations: 
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Monte Carlo calculations based on the lower bound method were applied to 
estimate the Flory parameter for asymmetric stars, whereas, for the symmet- 
ric stars, experimental results on three- and four-arm homopolymer stars were 
used. The obtained values of q for different macroscopic states together with 
those obtained from RG and MC calculations are presented in Table 2 . p is the 
ratio of the lengths of the B and A arms (p=Ng/N^). 



Table 2. The ratio q of miktoarm stars [22, 65] 



Common good 


MC 


RG 


Exp. 


A 2 B (p=i) 


1.294±0.005 


1.249 


1.236 


AjB (p=1.7) 


1.289±0.006 


1.238 


1.241 


A 3 B (p=2) 


1.342±0.010 


1.316 


1.402 


A 2 B (p=3.9) 


1.241±0.017 


1.262 


1.402 


Selective ( for A) 








A 2 B (p=l) 


1.419±0.005 


1.374 


1.331 
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Finally Kosmas and Hadjichristidis [66] by using a single molecule argument 
predicted the analytical relations 



fiin„i{m„i m„i) 

M„= M„=M„+^ (6) 

i 

which links the average molecular weights of the homopolymer precursors and 
those of the final miktoarm macromolecule; here, fj is the number of the precur- 
sors of the i-th kind (i=l, 2 ,...n), m^p their number and weight average mo- 
lecular weight and Mj^ the molecular weights corresponding to the mik- 
toarm chain. Expressing m^i and Mj^ in terms of the Laplace tranform 
of the distributions of molecular weights of the precursors Pj(m) and the whole 
molecule P^CM) they found that both equations at Eq. 6 are valid for any Pi(m). 
Experimental values of based on LALLS and a combination of MO and SEC 
are found to be close to those calculated from the theory. 



3.1.2 

Experimental Results 

Star polymers, with a structure where chains of different molecular weight 
and/or chemical nature radiate from a common junction point, are expected to 
have different solution behavior compared to regular or symmetric star poly- 
mers. By forcing chemically different arms to be joined, expansion of the molec- 
ular dimensions is predicted (see Sect. 3.1.1) as a consequence of the increase in 
the number of heterocontacts in good and theta solvents or new kinds of struc- 
tures can be formed in selective solvents. 

The dilute solution properties of asymmetric three-arm polystyrene stars 
were studied by Fetters and coworkers [67] under different solvent conditions. 
These materials comprised two series of samples, the first having a short third 
arm with half the molecular weight of the two identical arms (SAS) and the sec- 
ond a long arm having twice the molecular weight of the other two arms (LAS). 
In toluene, a good solvent for PS, the two types of asymmetric stars exhibited 
identical values of g', defined as 

g-[ lstar/[ llinear (7) 

where [ ] linear is intrinsic viscosity of the linear polymer with the same mo- 

lecular weight. Values of g' are a little higher than values of g' for a regular three- 
arm star. In the theta solvent cyclohexane at 35 °C the value of g' for SAS is lower 
than that of LAS which was equal to g' value of regular three-arm stars. It has to 
be mentioned that in both solvents the value of in the Mark-Houwink- 
Sakurada equation, [ ]=KM , was higher for the SAS than LAS. The latter has a 
similar value as the symmetric stars. 

The dilute solution characteristics of asymmetric stars, with equal number of 
short and long arms, prepared by the DVB method, were studied by Mays et al. 
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[9]. They used size exclusion chromatography with a multiangle laser light scat- 
tering detector and viscometry in an attempt to characterize the structure of the 
material produced by this two step method. Depending on the flow rate, differ- 
ent forms of chromatograms were obtained. At very low flow rates, i.e., of 
0.1 ml/min a true size separation could be achieved in contrast to the normal 
flow rates, where the separation mechanism could be influenced by diffusion 
and/or entanglement effects. Plots of the weight average molecular weight, 
or radius of gyration, Rg, against elution volume for the asymmetric stars had a 
“U” shape, in contrast to the expected linear decrease of or Rg with increas- 
ing elution volume. It was concluded that the material was a complex mixture of 
asymmetric and linked stars. In the case where the asymmetric star peak was re- 
solved the branching factors g and g', (g=Rg> star/^g> linear) were obtained. Their 
values were found to be lower than the ones obtained for regular star precursors, 
indicating a more compact structure for the asymmetric molecules. 

The hydrodynamic properties of miktoarm stars of the types A2B and A2B2 
where A, B=PS, PI, PBd were studied by Hadjichristidis and coworkers [22] in 
solvents good for both kinds of arms or theta for one of them and good for the 
other. Using the techniques of dilute solution viscometry and dynamic light 
scattering they tried to probe the conformation of these molecules in solution 
and extract some information on the effect of heterocontacts on the overall size 
of the molecule. The experimentally determined [ ] and values for the copol- 
ymers were compared with the theoretical values. The latter were calculated 
from data on linear homopolymers in the same solvents, corrected for the star 
structure. The flnal theoretical value was an average value weighted according to 
composition of those calculated for the homostars. 

Experimental [ ] and R^ values were found to be consistently larger than the 
theoretical ones, irrespective of the solvent quality, the differences being larger 
for the A2B2 case. It was suggested that a small expansion of the miktoarm stars 
occurs either in a good or in a selectively solvent, due to the increased repulsive 
interactions between A and B chains when they are tethered to the same point. 

As an extension of this work viscometry was used to study the conformation 
of A3B stars (A=PI and B=PS) in the common good solvent toluene [65]. In this 
case the experimental data, together with the ones obtained from the previous 
work, were used to extract the dimensionless ratio q . This ratio expresses 
quantitatively the effects of heterointeractions between unlike segments on the 
conformational properties of the copolymers. The q values for the A3B case 
were higher than for the A2B case; it seems that this is due to the increased seg- 
ment density of A units in the vicinity of B units for A3B. The experimental val- 
ues compared rather well with the ones obtained from renormalization group 
theory and Monte Carlo calculations taking into account the uncertainty in the 
asymmetry correction coefficient used in the calculations (see Table 2). 

Tsitsilianis et al. [14] also reached the conclusion, from size exclusion chro- 
matography measurements, that Aj^Bj^ type copolymers, where A is PS and B is 
poly(ferf-butyl acrylate), are more expanded than the corresponding homo- 
stars, due to the increased density of two different kinds of segments which leads 
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to an increased number of heterocontacts. They noticed that the expansion was 
greater as the molecular weight of the arms increased. 

Teyssie and coworkers [68, 69] have studied the surface, interfacial and emul- 
sifying properties of A 2 B stars, where B is a polydiene, PS or poly(ferf-butyl sty- 
rene), (PtBuS) and A poly(ethylene oxide). The miktoarm stars were shown to 
be better emulsifying agents for water-organic solvents mixtures than linear 
block copolymers. Saturation of the interface was reached more quickly with the 
miktoarm polymers. The differences were ascribed to the miktoarm architec- 
ture which produces higher segment density near the interface of the two com- 
ponents. These results are in agreement with the experiments conducted by Xie 
and Xia on PS 2 PEO 2 stars [34]. 

Higashimura et al. [70] tried to elucidate the interactions between am- 
phiphilic miktoarm star molecules produced by cationic polymerization and 
small molecules using NMR techniques. In their comparison between two dif- 
ferent architectures no distinct differences were observed for star-blocks and 
miktoarm stars, both species being sufficiently capable of accommodating hy- 
drophilic molecules within their hydrodynamic volume. 

Anastasiadis and coworkers [71] investigated the effect of macromolecular 
architecture on the dynamic behavior of three-arm miktoarm stars of the types 
A 2 B and AA'B where A is PI and B is PS. AA'B stands for asymmetric miktoarm 
stars where the two arms of identical chemical constitution have different mo- 
lecular weights. From a different point of view these two series of samples can be 
considered as symmetric simple grafts (A 2 B) and asymmetric simple grafts 
(AA'B) where in the second case the B branch is situated at a position =0.25 on 
the backbone, where is the ratio of the distance of the branching point from 
one backbone end to the length of the backbone. They used the pulsed-field-gra- 
dient NMR technique to probe the dependence of the self-diffusion coefficient, 
D, on the concentration in semidilute and concentrated solutions in the common 
good solvent toluene. For both types of samples the diffusion coefficient for the 
polyisoprene rich grafts were consistently lower than those for the copolymers 
with high styrene contents when compared at the same concentration due to the 
different entanglement characteristics of the two components. In a 
vs / g representation, where N is the number of segments, the entanglement 

length, the volume fraction of copolymer and ^ the volume fraction for entan- 
glements to occur, the data for the asymmetric I 2 S stars were slightly higher than 
those for the symmetric I 2 S samples. Further analysis of the data showed that the 
D dependence on c in both I 2 S copolymers and P(S-fc-I) diblock copolymers 
could be collapsed onto a master curve when plotted as D(gN)®'^^Ne®*^^ vs / 
a procedure that takes into account the difference in the entanglement charac- 
teristics of the parent homopolymers and the different radii of gyration of stars 
vs linear polymers. The exponential slowing down of the diffusivities expected 
for star molecules was not observed due to the moderately high molecular 
weights and concentrations studied. 

Tsitsilianis and coworkers [41] presented results on the micellization behav- 
ior of anionically synthesized amphiphilic miktoarm star copolymers with PS 
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and PEO branches in THE. Although THE is not very selective for PS increased 
values of apparent weight average molecular weights were obtained. The mi- 
celles formed in THE had molecular weights two orders of magnitude larger 
than the of the unimer. The authors observed an increase in the depolariza- 
tion ratio by increasing polymer concentration indicative of the formation of 
large multimolecular micelles with PEO cores. 

Micelle formation was also observed, by the same authors [72], in the case of 
miktoarm stars with equal number of polystyrene and poly(terf-butyl acrylate) 
branches in methanol a good solvent for PtBuA and a precipitant for PS. For a 
sample of the type PSi 5 PtBuAi 5 of molecular weight M^=218,000 and 70 wt% 
tBuA, the association number was estimated to be 27 by light scattering. It was 
assumed that the multimolecular micelles were spherical in shape with PtBuA 
chains in the corona and PS in the core. The DVB cores of the unimers were as- 
sumed to be located at the core-corona interface forming a third domain with 
high segment density. 

In the same study viscometric experiments in acetone indicated the existence 
of a conformational transition around 35 °C. In that temperature region a sud- 
den decrease in the intrinsic viscosity and a maximum for the Huggins constant, 
k^, were observed. Although static light scattering envelopes were curved down- 
wards at low angles, indicating the existence of a small number of high molecu- 
lar weight associated species, extrapolation from higher angles gave molecular 
weights very close to the unimer molecular weight. The authors concluded that 
these phenomena could only be interpreted by a transition from a segregated to 
a nonsegregated conformation. 

The micellar structures formed in solutions of well defined (PE) 2 (PEP) 2 , 
PE(PEP )2 and (PE) 2 PEP type polyethylene (PE)-poly(ethylene-a/f-propylene) 
(PEP) miktoarm stars in n-decane were investigated by Richter et al. [73] by 
small angle neutron scattering using the contrast variation technique. The sol- 
vent is selective for the PEP branches. The formation of multimolecular struc- 
tures was also infiuenced by the ability of PE to crystallize. The PE chains were 
75% deuterated to enhance scattering contrast and their MW was kept constant 
and the MW of PEP was varied in order to study the infiuence of composition 
and architecture on the micellar properties. The miktoarm stars formed multi- 
molecular micelles with fiat dense, disk-like, crystalline PE cores and soft coro- 
nas of PEP “hairs” sticking out on both sides of the core. Using model fitting pro- 
cedures structural parameters like core and corona thickness were estimated. 

It was confirmed that the molecular architecture does not modify the global 
characteristics (shape) of the micelles but only its geometrical parameters. The 
average thickness of the core was nearly constant and independent of the MW of 
the PEP brush for the PE 2 PEP 2 case. For PE(PEP )2 and (PE) 2 PEP the thickness 
decreased with increasing MW of PEP. It was found that for all PEP molecular 
weights the chains are more extended if the PE chains are connected to two PEP 
arms instead of one. The difference was more pronounced when the PEP molec- 
ular weights were higher. On the other hand the thicknesses of the cores were 
higher for the system (PE) 2 PEP. In comparing the systems (PE) 2 (PEP )2 and 
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PE(PEP )2 it was suggested that the average extension of the brush arms was 
higher for the latter architecture except for the samples with medium molecular 
weight (MpEp~9000). At the same time the thickness of the core and the blob size 
were lower for the PE(PEP )2 samples. From measurements at different tempera- 
tures a critical micelle temperature of about 60 °C was found. At room tempera- 
ture the equilibrium was found to be shifted completely in favor of the micelles. 
The authors also developed a thermodynamic model to describe the system at 
low temperature, based on the free energy of a simple micelle. Although this 
model predicts scaling relations dependent on the star architecture and was 
found to agree well with previous data on PE-fc-PEP diblocks it could not de- 
scribe the core thickness variation correctly for the miktoarm systems. 

The solution properties of umbrella star poly(styrene-w-butadiene) copoly- 
mers, with PS cores in solvents with decreasing solvating power for polystyrene, 
were studied by viscometry and light scattering [33]. Intrinsic viscosities de- 
creased in the order toluene (common good solvent) > cyclohexane ( for PS at 
35 °C)>methylcyclohexane ( solvent for PS at 70 °C). Decreasing the tempera- 
ture from the point produced only a slight contraction of the size of the mole- 
cule most likely due to the contraction of the PS core. Intrinsic viscosities of a 
sample in n-decane are about two times lower than in the solvents and the um- 
brella star was found, by light scattering, to be molecularly dissolved in the same 
concentration range, forming monomolecular micelles with collapsed PS star 
cores and marginally solvated PB coronas. 

The association behavior of three-arm polybutadiene stars with one or two 
dimethylamino or sulfozwitterionic groups (see Scheme 24 for structures) was 
studied by Hadjichristidis and coworkers [58, 74] in dilute solutions and com- 
pared with the behavior of monofunctional linear and regular three-arm star 
polybutadienes with all ends functionalized. The amine-capped samples 
showed no evidence of association in cyclohexane, a good nonpolar solvent for 
polybutadiene. Strong association was observed for the zwitterionic materials. 
The weight average aggregation number, determined by low angle laser light 
scattering and the number average aggregation number, Nj^, by membrane os- 
mometry, were found to decrease by increasing the number of functional groups 
in the star polymers, at the same total molecular weight, whereas and 
were decreasing function of molecular weight for the same number of end 
groups. The difunctional and trifunctional stars formed gels even at low concen- 
trations. Taking into account the low aggregation numbers for these samples at 
concentrations lower than Cg^^ the authors postulated that in very dilute solu- 
tions intramolecular association dominates. The association numbers obtained 
for the monofunctional stars were lower than those determined for the linear 
monofunctional species due to the steric hindrance of the unfunctionalized 
arms. 

Studies on the hydrodynamic properties of the same samples by dynamic 
light scattering and viscometry confirmed the conclusions of the static methods. 
Decreased diffusion coefficients and kj^ values, where kj^ is the coefficient of the 
concentration dependence of D (kj)=2A2M-kfv), were observed for the zwitteri- 
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onic polymers compared to the amine precursors. Increased values of the poly- 
dispersity parameter ^ 2 / ^ dynamic light scattering experiments indicated 
that the aggregates were polydisperse supporting the high values of polydisper- 
sity calculated from osmometry and static light scattering. The strongly negative 
kj) values for the trifunctional stars indicated the existence of strong hydrody- 
namic interactions. These samples showed also low aggregation numbers and 
only slight increase in the hydrodynamic radius, compared to their precur- 
sors. This behavior is the result of intramolecular association at low concentra- 
tions. For the difunctional stars the phenomena were less pronounced, although 
intramolecular association is also possible in this case. 

Assuming that the aggregates of the monofunctional stars can be described as 
regular stars (more precisely as umbrella star polymers) and the precursors as 
the arms the authors calculated aggregation numbers from the ratio of 
(%)zw/(%)n> where (Rh)zw hydrodynamic radius of the zwitterion- 

capped polymers in cyclohexane and (Rh)N is the same radius for the amine pre- 
cursor in the same solvent, using the literature data for stars of different func- 
tionalities. The results showed that the aggregates behave hydro dynamically as 
star polymers with functionality equal to 2N^ where is the weight average 
aggregation number determined by static light scattering. They concluded that 
the two unfunctionalized arms anchored at the periphery of the aggregates are 
responsible for the overall size of the associates. 

Low intrinsic viscosities and high (Huggins constant) values were deter- 
mined by dilute solution viscosity measurements, indicative of large hydrody- 
namic interactions, supporting the conclusions drawn from light scattering that 
intramolecular association does occur at low concentration. Comparative exam- 
ination of Ry and R^ values showed that Ry<Rh for the zwitterionic polymers, 
which was attributed to dissociation of the aggregates, to some extent, under the 
applied shear rate in the capillary. Since these forces are generally not very 
strong it was concluded that the critical shear rate should be small. Compared to 
linear -functionalized polymers the lower stability of the aggregates formed by 
the end functionalized stars was attributed to the steric repulsion of the unfunc- 
tionalized arms. 

In another publication [75] the adsorption behavior of the same materials 
from dilute solutions on silicon wafers was studied by ellipsometry. A mixture of 
cyclohexane and toluene (50:50 by volume) was used in order to provide enough 
refractive index contrast for the measurements and also to inhibit association of 
the end groups, which would influence the adsorption process. 

The adsorbed amount. A, was found to increase with decreasing molecular 
weight of the stars and increasing the number of the zwitterionic groups per 
molecule. The grafting density, , deflned as =AN^/M^ where is the 
Avogadro number, presented a stronger dependence on the molecular weight 
than on the functionality of the stars. The values of two samples of comparable 
molecular weights but having two and three zwitterionic groups were very close, 
indicating that, despite the fact that the adsorption energy is high, the entropic 
loss involved in the attachment of the third arm when two arms have already 
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been adsorbed may be very high and does not occur. This conclusion was also 
supported by the similar values, where Djj^^gj.= l/ is the interchain dis- 
tance, obtained for stars with two and three polar groups. The adsorbed stars 
were found to be less stretched than the linear chains. The adsorption energy 
was calculated to be (9±1) kT per group from the linear polymer data. 

The adsorption kinetics from time resolved ellipsometry measurements 
showed two regimes: (a) a diffusion controlled process at the initial stages and 
(b) at longer times, an exponential behavior where the arriving chain must pen- 
etrate the barrier formed by the already adsorbed chains. The experimental data 
indicated that the stars penetrate this barrier faster than the linear chains. 



3.2 

Bulk Properties 



3.2.1 

Theory 

Few theoretical studies deal with the behavior of miktoarm star copolymers in 
the solid state. Issues like the phase diagram and the order-disorder transitions 
however have been studied in considerable detail. 

Olvera de la Cruz and Sanchez [76] were first to report theoretical calculations 
concerning the phase stability of graft and miktoarm star copolymers with 

equal numbers of A and B branches. The static structure factor S(q) was calcu- 
lated for the disordered phase (melt) by expanding the free energy, in terms of 
the Fourier transform of the order parameter. They applied path integral meth- 
ods which are equivalent to the random phase approximation method used by 
Leibler. For the copolymers considered S(q) had the functional form S{q)~^= 
{Q{q)/N)-2 where N is the total number of units of the copolymer chain, the 
Flory interaction parameter and Q a function that depends specifically on the 
copolymer type. S(q) has a maximum at q’' which is determined by the equation 
Q/ Q=0. 

For the graft copolymers they found that q’"(graft) q’"(diblock) and there is 
no symmetry around the composition f=l/2 due to the inherent asymmetry in a 
graft copolymer. The spinodal curves where S(q’') diverges at the spinodal tem- 
perature or at the characteristic value of ( N)^ are plotted in Figs. 5 and 6 as 
functions of the composition. They predicted that a simple graft has no critical 
point for any f. Irrespective of the position of the branch point, the minimum 
value of the spinodal appears at volume fraction f=0.5. For the special case of the 
symmetric graft (an A 2 B miktoarm star) ( N)g=13.5. This means that it is more 
difficult for the chain to phase separate in this kind of architecture than it is for 
linear diblock copolymers. Miktoarm copolymers of the A^^Bj^ type are predicted 
to have critical point at ( Nq)c= 10.5 (the same value as for the diblocks when f= 
0.5) which implies that the microphase separation of nearly symmetrical mik- 
toarms depends solely on the molecular weight of the span diblock copolymer 
Nq and not on that of the whole star chain. 
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f 

Fig. 5 . Comparison of the variation of ( N)s with composition for graft and diblock copol- 
ymers. The number monomers (N) in each copolymer is the same, is the fractional posi- 
tion of the branch, (reproduced with permission from [76]) 




f 



Fig. 6. Variation of ( Nq)s with composition and arm number for star copolymers. Nq is 

the number of monomers in the diblock (A^-^-Bj). (reproduced with permission from [76]) 
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Fig. 7. Phase diagram in the strong- segregation limit for starblock copolymers with n^ A 
arms and ng B arms as a function of the volume fraction of the B monomer (reproduced 
with permission from [77]) 



Milner [77] studied the phase diagram of miktoarm copolymers in the 
strong segregation limit in which the interface between A and B chains is sharp. 
The morphology of microphases and their length scale are determined by a 
competition of the interfacial tension and the increase in the stretching free en- 
ergy as the copolymer arms stretch away from the interface. Calculations are 
made in terms of the cross sectional area relative to the outer surface from dif- 
ferent “wedges” corresponding to spherical, cylindrical, and OBDD phases. The 
surface tension contribution is the area of the dividing surface times the surface 
tension , while the stretching energy was calculated by considering the mik- 
toarm stars as brushes. The copolymer chains are added one by one and the 
work to add each one is summed. The total free energy of each structure (the 
sum of the stretching and interfacial energy) is then minimized. The phase dia- 
gram is determined by the cross lines of the free energy of different structures 
and is presented in Fig. 7 as a function of the volume fraction of the B units g 



and the parameter 









rtBUBf" 



which expresses the polymer asymmetry, n 






ng are the numbers of A or B arms and 1^, Ig are material parameters expressing 
the elasticity of the A and B homopolymers. The consideration of miktoarm 
stars as brushes (branches without common origin) with A and B arms crossing 
the interface will make no sense for small number of arms but in the other case. 
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Fig. 8. a Comparison of the spinodal curves Nt(f^) for diblock and different miktoarm 
copolymers with n=2, 3, and 4. The experimental results from an AB2 ( ) and the two AB3 ( , 
) miktoarm stars are shown together with the investigated temperature range (vertical 
lines), b Critical values of plotted as a function of the number of arms of the B blocks. The 

dependence of the optimal composition corresponding to the minima of the spinodal curves 
are also shown. The line is only a guide to the eye (reproduced with permission from [78]) 
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because of the presence of the core, the arms will be stretched more than the 
present theory predicts. 

Floudas et al. have developed [78] a mean field theory to treat the phase sta- 
bility criteria for the most general case of miktoarm star copolymers, namely, 
AnBjn, with asymmetric number of branches m n. The case of ABj^ was treated 
in detail. The static structure factor in the disordered phase was calculated and 
the resulting spinodal curves for the series of ABj^ miktoarms are plotted in 
Fig. 8a. They found that these copolymers are more difficult to phase separate 
than linear diblocks since the critical values of (N^=N^-l-nNg) are higher 
than the diblock case at any composition. The spinodal curves are asymmetric 
due to the inherent asymmetry of miktoarm stars. The critical values corre- 
sponding to the minima of the spinodal and the respective compositions are 
plotted in Fig. 8b for miktoarms with different n. For n up to 3 there is a consid- 
erable increase in the value of ( which indicates an increasing compatibility 
between A and B blocks. However for n>3 there is a reversal in ( which, for 
n>10, differs only slightly from that of the A-b-B diblock copolymers. The max- 
imum value of ( at n=3 results from a delicate balance between the stretch- 
ing free energies of the A and B blocks while for higher number of arms the free 
energy of the system is mainly determined by the B blocks forming the star. 
These theoretical predictions have been tested experimentally by SAXS measur- 
ments. 

Kosmas [79] studied the behavior of miktoarm stars at the interface of two 
different phases using a simple mesoscopic model that incorporates the thermo- 
dynamic parameters into the size of the Kuhn length. The latter depends on the 
distance z perpendicular to the interface by the simple discontinuous function 
l(z)=l+ for z 0, l(z)=l_ for z 0. From the discontinuity of the Kuhn length only 
the component of the probability distribution function P(zo,z)=PxPyPz of 
finding the end of an homopolymer chain at z distance from the origin (zq) is af- 
fected. The weight of a macrostate W(zq) of finding the one end at Zq and the oth- 
er anywhere then is obtained from the entropy S=-kT P(zQ,;z)lnP(<Zo, z) which 
connects P(zq,z) with W(zo),S=A:71nW(zo). The density profiles of the chain end 
as a function of the distance Zq from the interface in the limit of large available 



volume is given then by {Zq) = 



stars consisting of i arms (i=l, 2, 




. In the case of miktoarm 



dz^Wiz^) 



..., f) the weight of macrostate is the 



product of the weights of the macrostates of the f different arms Wi . 

i 

The density profile of the star common junctions is given by the relation 



mikto 



2 

1 + , 7 ;- 




where Rj(Zo)=Ri+ for z 0 and Ri(zo)=Ri+ 
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Fig. 9. Density profiles of the cores of stars of the same total molecular weight but different 
number of equal branches as a function of the reduced distance Zq, linear chain f=2 (heavy), 
f=4 (normal), f=8 (dashed), f=15 (dotted). The ratio r=2, defined in text (Sect. 3.2.1) repre- 
sents the ratio of the sizes of a branch at the left and right phase (reproduced with permis- 
sion from [79]) 



for z 0 are the sizes of the i-th branch of the miktoarm at the two phases and r^ 
their ratios. The concentration of miktoarm chains is (number of chains per 
volume n/V). The density profile of a homopolymer star which is the simplest 
case of miktoarm star is illustrated in Fig. 9 as a function of the reduced distance 




3.2.2 

Experimental Results 

Only a few studies have been devoted to the bulk properties of asymmetric 
homopolymer stars. The main issue under investigation was, up to now, the self- 
diffusion and viscoelastic behavior of three-arm stars where the molecular 
weight of the third arm was varied in order to observe the transition in the dif- 
fusion from linear polymer to a polymer with a star architecture. 

In the earlier study Fetters et al. [80] utilized a series of deuterated polybuta- 
dienes ranging from a linear 2A-mer to a three-arm with a centrally located 
third arm which had a molecular weight A' varying from 920 to 4.56 10^ g/mol. 
A linear hydrogenous 1,4 PBd of Mw=2 10^ g/mol was used as the matrix. Dif- 
fusion coefficients were measured using the thin film IR microdensitometry 
technique. A monotonic decrease of the diffusion coefficient was observed as the 
centrally placed side-arm mol. weight increased. The decrease was sharp for 
MW(A')<Mg, the critical entanglement molecular weight. For MW(A')>2Mg the 
behavior could be qualitatively described by a simple model assuming inde- 
pendence of the arm retraction probability for each of the arms. 

In a recent investigation along the same lines, Graessley and coworkers [8] 
used a series of asymmetric three-arm poly(ethylene-a/f-propylene) stars, ob- 
tained by hydrogenation or deuteration of the corresponding asymmetric po- 
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ly(isoprene) stars, in order to study the crossover from linear to branched poly- 
mer relaxation dynamics in highly entangled melts. The molecular weight of the 
two equal arms, constituting the linear backbone was ~38 times larger than M^, 
the critical molecular weight for entanglements, where the of the third arm 
was varied between 0.5 and 18 M^. Dynamic moduli were measured in shear 
over a wide range of frequencies and temperatures. Time-temperature superpo- 
sition was observed for all samples. However, in the branched samples a signifi- 
cantly larger modulus shift was required than in the linear ones. The shift factor 
for the time scale depended more strongly on temperature for the asymmetric 
stars. The viscosity, increased by nearly a factor of three going from the linear 
backbone sample to the sample with the shortest arm. The change in recoverable 
compliance across the series was much smaller than the change in viscosity. The 
diffusion coefficient, determined by forward recoil spectroscopy, decreases even 
more rapidly. For a sample with only 2.2 entanglements on the third arm D was 
reduced by a factor of 100. The transition from linear to branched dynamics 
could be seen more clearly in the product ^D. It was concluded that even a sin- 
gle mid-backbone arm with two to three entanglements is quite sufficient to 
generate a branched polymer relaxation behavior. 

Much experimental work has appeared in the literature concerning the mi- 
crophase separation of miktoarm star polymers. The issue of interest is the in- 
fiuence of the branched architectures on the microdomain morphology and on 
the static and dynamic characteristics of the order-disorder transition, the ulti- 
mate goal being the understanding of the structure-properties relation for these 
complex materials in order to design polymers for special applications. 

In the first seminal morphological study of A2B miktoarm stars [81] where A 
and B are PS or PI, by Hadjichristidis and collaborators, an SI2 sample with 
37 vol.% PS was found, by TEM, to be microphase separated as PS cylinders in 
PI matrix in contrast to a lamellae structure expected for linear diblock copoly- 
mer of the same composition. Later, more thorough studies [23, 82, 83] with a 
larger number of samples and covering a wider range of compositions showed 
that differences exist in the phase diagram for miktoarm star copolymers in 
comparison to the linear diblocks. The boundaries for the microstructures usu- 
ally encountered in diblocks are shifted to higher compositions of the single 
arm. At constant composition the miktoarm star copolymer has a morphology 
with greater curvature than the diblock. This provides a means of relieving over- 
crowding of the A2 component and overstretching of the B component of the 
miktoarm star. Analogous shifts were also observed in the case of A3B (A=PI and 
B=PS) miktoarm stars [83] . These findings are in qualitative agreement with the 
theoretical predictions of Milner, which was developed after the first experimen- 
tal findings [81]. However some discrepancies in terms of the exact location of 
the morphology boundaries do exist between theoretical prediction and exper- 
imental results. An I2S sample with 53 vol.% PS formed a tricontinuous cubic 
structure where a lamellae structure was predicted by theory (Fig. 10). Another 
I2S sample with high PS content, (81% by vol.), showed microphase separation 
without long range order. This randomly oriented wormlike morphology of 
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Fig. 10. Bright field TEM micrograph of I 2 S miktoarm with 53 vol.% PS (reproduced with 
permission from [83]) 



polyisoprene “cylindrical” micelles in a matrix of polystyrene, was shown to be 
an equilibrium one by selective solvent casting and annealing experiments. On 
careful annealing the authors were able to observe the transition from a kineti- 
cally trapped non-equilibrium folded layer morphology into the equilibrium 
randomly oriented wormlike phase through an intermediate “fold-lace” mor- 
phology. Furthermore the experimentally determined phase diagram for the I 3 S 
stars showed absence of the spherical morphology in the high PS volume frac- 
tion (92%) region. The micrographs of an I 3 S sample with 39 vol.% PS had the 
structure of PS cylinders instead of spheres, a sample with 86 % PS, PI cylinders 
instead of lamellae and a sample having 92 vol.% PS consists of disordered PI 
cylinders in a PS matrix. It is obvious that as the number of arms in Aj^B type 
samples increases differences between the present theory and experiment be- 
come more apparent. The theory may be brought “in line” with the experimental 
findings if the theoretical boundary curves (see Fig. 7) could be “bend back” to- 
wards the low volume fraction side of the phase diagram. Presently the theory 
omits the multiple domain effects, i.e., effects of crowding of chains emanating 
from different but neighboring interfaces [83]. 

The microdomain morphology of asymmetric miktoarm stars of the type 
AA'B with A, A'=PI of different molecular weight and B deuterated PS, covering 
a wide range of compositions, was investigated by Gido and coworkers [52] by 
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means of TEM and SANS. The morphologies of the asymmetric miktoarm stars 
are identical to those of diblock copolymers with the same composition. How- 
ever, the lateral crowding and chain stretching is partially alleviated in the asym- 
metric miktoarms on the PI side of the interface, by changes in the lattice dimen- 
sions, relative to the symmetric ones. 

The morphology of IgSg ( Vergina) miktoarm stars was studied by Gido et al. 
[84] by TEM, SAXS and SANS. The three samples studied had compositions in 
the range 37-47% PS and all formed well ordered lamellae as expected for di- 
block polymers with the same composition. From calculations of the area per 
junction point it was concluded that in the case of Vergina stars the spacing be- 
tween molecules at the interface is larger than in the I2S and I3S cases due to the 
increased functionality of these star molecules. This may also result in more 
spreading of at least some of the arm trajectories parallel to the interface, relative 
to linear diblocks. 

Thomas and coworkers reported the morphological characterization of the 
type (PS-fc-PI)j^PS miktoarm stars where n=2, 3 [85]. Due to their composition 
(volume fraction of PS between 0.51 and 0.56) the neat samples showed lamellar 
microdomains like their corresponding diblocks. The area per junction point for 
the complex architectures was found to be very close to that obtained for simple 
diblock and triblock copolymers, leading to the conclusion that in any case the 
relative amounts of looped and bridged conformations of the PI blocks remains 
the same on changing the architecture. Blending with PS or PI homopolymers 
of low MW induced a transition to hexagonally packed cylinders without the ob- 
servation of an intermediate cubic morphology. 

Teyssie and coworkers [86] studied the effect of macromolecular architecture 
on the lamellar structure of the poly(ethylene oxide) crystallizable arms in (poly 
tert-hutyl styrene) (poly(ethylene oxide))2 [PtBuS(PEO)2] miktoarm stars by us- 
ing SAXS and differential scanning calorimetry (DSC). The results were com- 
pared with the ones obtained on poly(tBuS-^7-EO) materials. At the same total 
molecular weight and composition the melting temperature, the degree of crys- 
tallinity and the number of folds of PEO chains were found to be lower for the 
branched samples. 

The morphological investigation of a three miktoarm star terpolymer was 
first reported by Hadjichristidis et al. [81]. A SIB miktoarm star with MWs of the 
arms PS: 20.7 K/PI: 15.6 K/PBd: 12.2 K and a volume fraction of PS equal to 0.4 
formed PS cylinders in a polydiene matrix. Due to the low molecular weights the 
polydiene arms formed one phase. The cylinders are in contrast to the lamellae 
expected for diblock copolymers but the behavior is analogous to the behavior 
of I2S and S2I miktoarm stars of the same composition. 

Hashimoto et al. [87] recently reported on the microdomain morphology of 
three component miktoarm stars, consisting of polystyrene, poly(dimethylsi- 
loxane) and poly(ferf-butyl methacrylate) with nearly the same fraction of each 
component. Three distinct microdomains were observed by TEM, a result that 
was confirmed by DSC experiments which showed three distinct TgS. The two- 
dimentional images of the unstained sections showed triangular patterns exhib- 
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250 nm 

Fig.11a,b. Bright field TEM micrographs of: a a linear tetrablock copolymer; b a topologi- 
cally asymmetric miktoarm starblock copolymer of the same composition and molecular 
weight (see text) (reproduced with permission from [62]) 



iting a three-fold symmetry. The authors suggested that the PDMS phase was con- 
tinuous in three dimensions. The other two phases were not distinguishable. Be- 
cause of the equal fractions of the three components the authors hypothesized 
that the other two microphases should also be continuous in three dimensions. All 
the examined simple models failed to describe quantitatively the observed mor- 
phology because of the molecular complexity. It has to be mentioned that tilting 
experiments gave images of other kinds of symmetry, which could not be identi- 
fied in terms of simple geometrical arrangements. The crystallinity of the PDMS 
phase was found by DSC to be lower in the miktoarm case than in the PS-PDMS 
case, due to the increased steric hindrance close to the central branch point. 

Thomas and coworkers [62] studied the structures formed by strongly segre- 
gated compositionally symmetric four-arm inverse star block copolymers and 
their linear counterparts. These macromolecules having the general formula 

where M~20,000, n=l, 2 and a=l, 2, 4 (a is the ra- 
tio of the outer block molecular weight to that of the inner block, see Fig. Ic) can 
be considered as topologically asymmetric star copolymers. Transmission elec- 
tron microscopy (TEM) and small angle X-ray scattering (SAXS) were used to 
characterize the microdomain morphology of these materials. Samples with n= 
1, 2 a=l, 2 formed highly ordered lamellae structures. For a=4 (sample SB4) a 
transition from a lamellar structure for n=l to a triconnected cubic structure 
(n=2) was observed (Fig. 11). Comparison of TEM data with simulated images 
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Fig. 1 2 . Schematic representation of proposed arrangement of A/B junctions on a triply pe- 
riodic IMDS of constant mean curvature for SB-4 miktoarm copolymer of Fig. 1 1 (repro- 
duced with permission from [62]) 



of three dimensional models of level surfaces confirmed that the cubic continu- 
ous structure is best described as an ordered bicontinuous double diamond 
(OBDD) structure. The area per junction point was found to increase with mo- 
lecular weight in the star architecture compared to the linear tetrablocks. From 
d spacing measurements it was concluded that as “a” increases the ability of the 
shorter interior blocks to bridge the domains decreases and more loop confor- 
mations are formed. These loop conformations force the A/B junctions further 
apart on average and the long exterior blocks can assume less stretched confor- 
mations (Fig. 12). For the SB-4 sample the short interior blocks would be too 
overcrowded as loops on fiat intermaterial dividing surface (IMDS). In order to 
avoid overcrowding the IMDS becomes curved, allowing the peripheral junc- 
tions to spread further apart than on a fiat interface and the microdomain struc- 
ture becomes triply periodic. 

Floudas and coworkers [88] investigated the static and kinetic aspects of the 
order-disorder transition in SI 2 and SIB miktoarm stars using SAXS and rheol- 
ogy. At temperatures above the order-disorder transition (ODT) the mean field 
theory describes the experimental results quite well. Near the ODT, SAXS pro- 
files gave evidence for the existence of fiuctuations. Both samples separated into 
cylindrical microdomains below the ODT. The ODT was determined on shear 
oriented samples and found, by SAXS, to be 379 K in both cases. This was con- 
firmed by rheology. The discontinuities in SAXS peak intensity and in the stor- 
age modulus near the ODT were more pronounced for the miktoarm stars than 
for the diblocks. The N values, where is the interaction parameter and N the 
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overall degree of polymerization, of sample SI 2 near the ODT were higher than 
in the case of diblocks of the same composition and almost independent of tem- 
perature. The broad distribution of relaxation times (longer than the relaxation 
times of individual chains) observed by rheology was attributed to a broad dis- 
tribution of grain sizes. At very long times the rheological behavior of the sam- 
ples was proposed to be governed by the relaxation of grains which rearrange 
with rates related to their sizes. Quenching experiments were used to elucidate 
the mechanism governing the ordering process. The rheological measurements 
after each quench from the melt indicated that ordering proceeds via heteroge- 
neous nucleation. Quenching to final temperatures near the ODT made the ki- 
netics very slow with times which depended strongly on the final quench tem- 
perature. Deeper quenches produced only moderate changes in the kinetics. 
Compared with diblocks the kinetic times were slower for miktoarm stars in 
deeper quenches. For shallow quenching there were no measurable differences. 
The width of the kinetically accessible metastable region was also larger for the 
star copolymers. External perturbations, i.e., continuous oscillating shear, pro- 
duced no changes in the ordering process. 

Dielectric spectroscopy was also used by the same group in order to study the 
local and global dynamics of the PI arm of the same miktoarm star samples [89] . 
Measurements were confined to the ordered state, where the dynamics of the PI 
chain tethered on PS cylinders were observed in different environments since in 
the SIB case the faster moving PB chains are tethered in the same point as the PI 
arm. The distribution of segmental relaxation times were broader for SI 2 than 
SIB. The effect was less pronounced at higher temperatures. The PI normal 
mode time was found to be slower in SIB, when compared to SI 2 although both 
arms had the same molecular weight. Additionally, the normal mode relaxation 
time distributions of the PI chains tethered to PS cylinders in the miktoarm 
samples were narrower than in P(S-fc-I) systems of lamellar structure. 

The characteristics of the order-disorder transition in two SI 3 miktoarm stars 
were also investigated by Floudas et al. using SAXS and rheology [78] . Due to the 
high molecular weights diisooctylphthalate (DOP) was used as the nonpreferen- 
tial solvent to bring the transition into the experimentally accessible tempera- 
ture window. All SAXS parameters were discontinuous at the ODT revealing a 
first-order transition. The interaction parameter exhibited a weak temperature 
dependence consistent with fiuctuation effects near the transition. The experi- 
mental results agreed qualitatively with the theoretical spinodal curves N^otaP 
F(f^) for ABj^ miktoarm copolymers. For shallow quenches rheological measure- 
ments indicated a nucleation and growth ordering mechanism with an Avrami 
exponent of about three, reminiscent of undiluted block copolymers. 

Floudas and coworkers [90] employed dielectric spectroscopy to probe the in- 
terfacial width in lamellae forming non-linear block copolymers of the type (B- 
b-A)^B and (B-^ 7 -A) 3 B(A-fc-B) 3 , where A is PI and B is PS. Their experiments 
were conducted at temperatures below the ODT and below the glass transition 
of the PS “hard phase”. In this temperature region the global chain dynamics of 
PI bridges were used to provide an estimate of the “dynamic” interface between 
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the incompatible blocks. A broad relaxation process in the vicinity of the normal 
mode relaxation time of PI could be identified. It was shown to arise from the 
mobile junction points at the interface. By fitting the experimental data with Ha- 
vriliak-Negami functions the parameters characterizing the process were deter- 
mined and the width of the interphase was estimated. The experimentally deter- 
mined value of 5-6 nm for the interfacial width compared well with the theoret- 
ically calculated one (3.6 nm), based on a theory developed for linear block co- 
polymers. 

The dependence of the experimentally observed ODT on the ordering tem- 
perature (final quenching temperature) was shown recently by rheology meas- 
urements on SI3 and SI low molecular weight samples [91]. This dependence re- 
sembles the dependence of the melting temperature in semicrystalline 
homopolymers on the crystallization temperature. The existence of an equilib- 
rium transition temperature (Tqdt ) demonstrated and a procedure, anal- 
ogous to the known Hofmann- Weeks plot for crystalline polymers, was pro- 
posed as a means to calculate Tqdt - The phenomenon was attributed to the fact 
that grains when produced at different temperatures have different sizes. 

The rheological behavior of S2I2 miktoarm star copolymers was studied by 
McLeish and coworkers [92]. An independence of the rheological characteristics 
on temperature, for the temperature range between 100 and 150 °C was ob- 
served for a sample having 20 wt% PS. In this system stress relaxation may occur 
via molecular diffusion along the interface in two ways. First the entangled 
polyisoprene arms can retract as in the case of the star polymers, with the junc- 
tion points remaining at the interface. Second, the PS arms can collapse and then 
the whole molecule can reptate in the PI phase. From the available results the au- 
thors could not distinguish between the two mechanisms. 

Tsitsilianis [93] used DSC to study the phase behavior of (polybutylmethacr- 
ylate)j^(polystyrene)j^ and (polybutylacrylate)j^(polystyrene)j^ miktoarm stars 
with varying n. The Tg of the PS phase was found to be much lower than in the 
homopolymer and the width of the transition was increased. In some cases an 
intermediate Tg was observed due to the extended interphase region in these 
materials, as a result of mixing of the different arms in the vicinity of the star 
cores. 

The compatibilizing ability of miktoarm stars comprised of polystyrene and 
Nylon-6 arms emanating from a phosphazene core were investigated in detail by 
Miyata et al. [50]. For binary blends of poly(2,6-dimethylphenylene oxide) 
(PPO) and a miktoarm star with about four PS arms (Mj^^^j.j^-62,000) and two 
poly( -caprolactam) arms (Mj^^aj.j^~26,000), having more than 10wt% mik- 
toarm star, the PPO Tg values were apparently shifted to lower temperatures and 
the Tg decreased with increasing the amount of miktoarm star polymer. For all 
binary blends a single Tg was observed indicating miscibility of the two poly- 
mers (PS is miscible with PPO over a considerable range of molecular weights in 
all proportions). The Tg values were lower for the cases of high PS/Nylon-6 ratios 
in the miktoarms. For a ternary blend of PPO/Nylon-6/miktoarm with 45/45/10 
composition respectively only one Tg was observed corresponding to the 
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PPO/PS phase. Scanning electron microscopy experiments showed that the dif- 
ferent domains were smaller in the blends containing miktoarm material. The 
size of the domains decreased and their uniformity increased with increasing 
miktoarm content in the blends. Miktoarm stars with short PS arms were less ef- 
fective in compatibilizing PPO and Nylon-6. Ternary blends were found to have 
higher modulus, strength and elongation than binary PPO/miktoarm blends. 
They also showed yield behavior. These improvements were attributed to the in- 
creased adhesion at the PPO/Nylon-6 interface due to the presence of polysty- 
rene-containing copolymer. 

4 

Applications 

Although the synthesis of asymmetric star polymers was rather recently 
achieved, several efforts have been made to use these polymers for specific ap- 
plications. An increased number of patents have appeared in recent years. Some- 
times ill-defined and not well characterized polymers were used in these studies. 

Conventional star block copolymers bearing PS-fc-PB or PS-fo-PI arms have 
been employed in adhesive compositions. These copolymers have the disadvan- 
tage that the polydiene fraction degrades in processing and over time. The un- 
saturation is also susceptible to possible grafting and crosslinking reactions 
which lead to increased molecular weights, thus making the polymer ineffective 
in applications such as pressure sensitive adhesives and removable tapes. These 
applications require an adhesive that possesses a fourfold balance of tack, cohe- 
sive strength and the proper balance between adhesion and resistance to low 
stress peel. Asymmetric stars have been useful in the formulation of adhesive 
compositions for pressure sensitive adhesives, removable tape applications etc., 
showing improved properties compared to conventional star block copolymers. 

Miktoarm stars of the type (PS-^7-PI)j^(PI)j^ prepared using DVB as linking 
agent were employed in adhesive compositions, showing a good balance of tack, 
peel strength and hold power near room temperature due to their reduced cohe- 
sive strength and viscosity without any reduction in the service temperature 

[94] . 

Stars of the type [(PS-co-PI)-fc-PI]j^(PI-^7-PS)jn were also used in adhesives 
showing high resistance to low-stress peel while maintaining moderate adhesion 

[95] . This was achieved by controlling the Tg of the end-block to relatively low 
levels. 

Tapes made from adhesives containing asymmetric star block copolymers of 
the type (PS-^7-PI)j^ does not represent an asymmetric starblock copolymer [96]. 
By using asymmetric rather than the conventional symmetric star block copol- 
ymers the preparation of tapes with moderate adhesion and good resistance to 
low stress peel which are easily removed from the substrate without leaving ad- 
hesive residue was achieved. 

High adhesive performance at low molecular weight and viscosity was 
achieved using [PS-fc-P(ethylene/butylene)] 2 Pl 2 and [PS-^7-P(ethylene/buty- 
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lene)] 2 Pl 4 miktoarm stars [97]. This behavior was probably obtained due to the 
superior phase separation between the PS end blocks and P( ethylene/butylene) 
rubber blocks compared to PS and PI blocks. 

(PS-fc-PB)j^PBj^ miktoarm stars having n+m=4 proved to be able to produce 
good adhesives after crosslinking by radiation [98]. Improved high temperature 
resistance was obtained without chemical crosslinking agents, such as dimeth- 
acrylates or acrylates that have been proven to be dangerous for the human 
health and the environment. 

Asymmetric stars have also been added to a variety of oils including crude 
oils, lubricating and fuel oils to produce oil compositions, generally having im- 
proved viscosity index characteristics. The newer engines place increased de- 
mands on the engine lubricants. Asymmetric stars are effective viscosity index 
improvers. 

Miktoarm stars of the type (PI)j^(PtBuMA)j^ provided lower viscosity at low 
temperatures and better engine oil pumpability compared with common disper- 
sant viscosity index improvers [99]. Asymmetric stars possessing PI arms of dif- 
ferent molecular weights have been shown to produce oil films with increased 
thickness [100]. This is a result of the increased elasticity of the polymer due to 
the combined longer and shorter arms. Stars having the higher ratio of molecu- 
lar weights between long and short arms (~2:1 to 3:1) and >12% long arms had 
lower viscosity values, thus providing improved fuel efficiency. Improved low 
temperature pumpability was also achieved using hydrogenated (PS-b-?l)^¥l^ 
stars [101]. The thickening efficiency in this case varies mainly with the MW of 
the hydrogenated PI block of the copolymer arm and secondly with the PS mo- 
lecular weight. 

Asymmetric stars have also been used or have the potential to be used in 
many other applications as compatibilizers [50] , impact modifiers and in sealant 
[100] and molding compositions etc. 

5 

Concluding Remarks 

Living polymerization methods have been proven very efficient in preparing 
asymmetric star polymers. These materials include stars having arms of differ- 
ent molecular weight, chemical nature or topology. Most of these products are 
well defined and molecularly and compositionally homogeneous, thus provid- 
ing the ability to correlate the molecular structure with the properties. Several 
theories exist that try to predict the properties of the asymmetric stars. However 
in most cases there are no experimental results to evaluate these theories. Partly 
deuterated miktoarm stars and new architectures have to be designed for this 
purpose. The growing interest of the industry for products involved in special 
applications will expand the use of asymmetric stars as adhesives, melt viscosity 
index modifiers, compatibilizers, impact modifiers etc. 
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Syntheses and characterization of branched polymers prepared by homo- and copolymer- 
ization of macromonomers are reviewed. A number of macromonomers have so far been 
available as potential building blocks to design a variety of well-defined, branched homo- 
and copolymers including comb, star, brush, and graft types. Recent progress in macrom- 
onomer syntheses, macromonomers' homo- and copolymerization, characterization of the 
branched polymers obtained, as well as application to design of polymeric microspheres 
are described. Macromonomers and their homo- and copolymerization appear to provide 
continuing interest in designing and characterizing a variety of branched polymers and in 
their unique applications. 
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List of Symbols and Abbreviations 

a exponent in Mark-Houwink-Sakurada equation 

AIBN 2,2'-azobisisobutyronitrile 

a' bead spacing 

a^ area occupied by a surfactant molecule 

expansion factor 

ATR attenuated total reflection 

B excluded-volume strength 

b bond length 

(3 binary cluster integral 

BMA n-butyl methacrylate 

Cg surfactant concentration 

[cmc] critical micelle concentration 

djn density of monomer 

dp density of polymer 

DP degree of polymerization 

DPj^ number-average DP 

DPj^® DPj^ without chain transfer 

DP^ weight- average DP 

DV differential viscosity 

ESCA electron spectroscopy for chemical analysis 

ESR electron spin resonance 

[t| ] limiting viscosity 

f initiator efficiency 

r number of branches 

FTIR Fourier transform infrared spectroscopy 

g shrinking factor 

Y ratio of molecular weights of branch and backbone 
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GTP 


group transfer polymerization 
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initiator concentration 
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decomposition rate constant 
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propagation rate constant 
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diffusion-controlled rate constant for coalescence between similar- 
sized particles 
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contour length 
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low-angle laser light scattering 






Kuhn segment length 
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molecular weight 




Mo 


molecular weight of monomeric unit 
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monomer concentration 
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multiangle laser light scattering 




Md 


molecular weight of macromonomer 






rate of particle volume growth 




Ml 


shift factor 




MMA 


methyl methacrylate 
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melting point 




[M]p 


equilibrium concentration of monomer swelling particle 




MW 


molecular weight 




Mw 


weight average molecular weight 
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number of bonds 
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number of particles 
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average number of radicals per particle 






Kuhn segment number 




n' 


number of grafted chains onto surface 




V 


kinetic chain length 
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Avogadro's number 




NAD 


nonaqueous dispersion 




NMR 


nuclear magnetic resonance 
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poly(acrylic acid) 




PBMA 


poly(n-butyl methacrylate) 
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poly(8-caprolactone) 




PDMS 


poly(dimethylsiloxane) 




PE 


polyethylene 




PEG 


poly(ethylene oxide) 




PHBd 


hydrogenated poly( 1,3-butadiene) 
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poly(2-hydroxyethyl methacrylate) 






volume fraction of monomers swelling particles 
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poly(12-hydroxystearic acid) 
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PP polypropylene 
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q persistence length 

r^ reactivity ratio of i species 

R radius of particle 

radius of particle at critical point 
p density 

p' rate of radical generation 

ROMP ring-opening methathesis polymerization 

Rp rate of polymerization 

S surface area occupied by a macromonomer chain 

<S^> mean square radius of gyration 

SAXS small-angle X-ray scattering 

SANS small-angle neutron scattering 

surface area occupied by a macromonomer chain at critical point 
SEC size exclusion chromatography 

STM scanning tunneling electron microscopy 

TBA f-butyl acrylate 
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0j) fractional conversion of macromonomer 

0Dcrit fractional conversion of macromonomer at critical point 

Tg glass transition temperature 
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initial weight of monomer 

X fraction of disproportionation in termination 

z excluded-volume parameter 

z scaled excluded-volume parameter 



1 

Introduction 

A macromonomer is any polymer or an oligomer with a polymerizable func- 
tionality as an end group. Formally, the macromonomer homopolymerizes to 
afford a star- or comb -shaped polymer and copolymerizes with a conventional 
monomer to give a graft copolymer. Thus the macromonomer serves as a con- 
venient building block to constitute arms or branches of known structure in the 
resulting polymer. A large number of macromonomers, differing in the type of 
the repeating monomer and the end-group, have so far been prepared, thereby 
offering the possibility of construction of an enormous number of branched 
polymers in a variety of architectures, combinations, and compositions. Polym- 
erization and copolymerization of macromonomers have also been studied in 
great detail in order to understand their unique behavior in comparison with 
that of conventional monomers. Their useful application in design of polymeric 
microspheres has also been appreciated recently. Some interesting properties of 
poly(macromonomers) have also been explored very recently as a simple model 
of brush polymers which are of increasing interest. Comparatively, however, the 
characterization and properties of graft copolymers with randomly distributed 
branches have not been investigated to the same extent in spite of their theoret- 
ical and practical importance. 

The present article is intended to discuss the state-of-the-art of the design 
and characterization of the branched polymers obtained by the macromono- 
mer technique, with particular stress on the characterization and the proper- 
ties of the brush polymers obtained by the homopolymerization of macromon- 
omer. The synthetic aspects of the macromonomer technique, including prep- 
aration of various kinds of macromonomers, have been recently reviewed by 
one of the authors [1]. Therefore, we intend here to outline briefly the macrom- 
onomer technique and describe only the very recent important developments 
in syntheses. Preparation and characterization of the polymeric microspheres 
by use of macromonomers as reactive (copolymerizable) emulsiflers or disper- 
sants will be described in some detail to represent one of their unique applica- 
tions. 

Some comprehensive reviews covering earlier references include those by 
Kawakami [2], Meijs and Rizzard [3], Velichkova and Christova [4], and those in 
books edited by Yamashita [5] and by Mishra [6] among others. 
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2 

Survey of Macromonomer Techniques 

A macromonomer is usually defined as a polymeric or an oligomeric monomer 
with a polymerizable or copolymerizable functional group at one end. They af- 
ford a comb-shaped polymer with regularly and densely attached branches by 
homopolymerization, and a graft copolymer with randomly and loosely distrib- 
uted branches by copolymerization with a conventional, low molecular weight 
(MW) comonomer, as illustrated in Fig. la,b, respectively. A formally comb- 
shaped poly (macromonomer) may actually be forced to take a conformation 
that looks like a star as in Fig. Ic or a brush as in Fig. le, depending on the rela- 
tive lengths of the macromonomer branch vs the poly(macromonomer) back- 
bone. A graft copolymer with a relatively short backbone as compared to the 
branches may also look like a star as in Fig. Id in a solvent which is selective for 
the branches, while that with a long backbone with few but long branches may 
take a fiower-like conformation as in Fig. If with some of their backbone seg- 
ments looped outside in a selective solvent for the backbone. These isolated con- 
formations favored in dilute solutions are expected to coalesce to some organ- 




; Macromonomer 
• ; Comonomer 

Fig.la-f. Various branched architectures obtained by the macromonomer technique: a,b 
comb-like; c,d star-like; e brush; f flower-like, a c, and e are poly(macromonomers) obtained 
by homopolymerization, while b, d, and f are graft copolymers obtained by copolymeriza- 
tion 
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ized structure or morphology in concentrated solutions or in solids. In fact, a 
number of possible conformations or morphologies that can be expected from 
self-organization of the branched polymers has been a matter of increasing 
study for the macromonomer technique. 

The variety of branched architectures that can be constructed by the mac- 
romonomer technique is even larger. Copolymerization involving different 
kinds of macromonomers may afford a branched copolymer with multiple kinds 
of branches. Macromonomer main chain itself can be a block or a random co- 
polymer. Furthermore, a macromonomer with an already branched or dendritic 
structure may polymerize or copolymerize to a hyper-branched structure. A 
block copolymer with a polymerizable function just on the block junction may 
homopolymerize to a double comb or double-haired star polymer. 

If we extend the definition of the macromonomer to include all polymers or 
oligomers with a multiple number of (co)polymerizable functional groups at 
any positions, then we can design an even larger number of branched poly- 
mers by their polymerization and copolymerization. For example, a “teleche- 
lic macromonomer” with two (co)polymerizable functional groups, each on 
one end, may be useful to design a network structure in copolymerization 
with control over the inter-crosslink length and/or crosslink density. A “mul- 
tifunctional macromonomer” with a multiple number of (co)polymerizable 
functional groups along their chain may include already well-known resins 
such as unsaturated polyesters used in thermosetting. Although these “mac- 
romonomers” are no doubt practically important in applications, the scope 
becomes too broad and complicated and the authors prefer to adhere to the 
original, simpler definition of the macromonomer as that with a single 
(co)polymerizable end group that affords star- and comb-shaped polymers 
and/or graft copolymers with their branches (side chains) of known structure 
as in Fig. 1. 

So far, a great number of well-defined macromonomers as branch candidates 
have been prepared as will be described in Sect. 3. Then a problem is how to con- 
trol their polymerization and copolymerization, that is how to design the back- 
bone length, the backbone/branch composition, and their distribution. This will 
be discussed in Sect. 4. In brief, radical homopolymerization and copolymeriza- 
tion of macromonomers to poly(macromonomers) and statistical graft copoly- 
mers, respectively, have been fairly well understood in comparison with those of 
conventional monomers. However, a more precise control over the backbone 
length and distribution by, e.g., a living (co)polymerization is still an unsolved 
challenge. 

Needless to say, the best established architecture which can be designed by 
the macromonomer technique has been that of graft copolymers. With this tech- 
nique we now have easy access to a variety of multiphased or microphase-sepa- 
rated copolymer systems. This expanded their applications into a wide area in- 
cluding polymer alloys, surface modification, membranes, coatings, etc. [5]. 

One of the most unique and promising applications of the technique may be 
found in the design of polymeric microspheres. In this technique macromono- 
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mers are reactive emulsifiers or dispersants in emulsion or dispersion systems, 
respectively. Since the macromonomers are already polymers, they serve as ef- 
fective steric stabilizers of the resulting microspheres. They are surface grafts 
after copolymerization with the substrate comonomer. A number of hy- 
drophilic or polar macromonomers have been designed for aqueous emulsion 
or alcoholic dispersion systems. They are the counterpart of the nonpolar mac- 
romonomers which were indeed the first “macromonomers” developed for the 
well-known nonaqueous (petroleum) dispersion polymerization (NAD) by ICI 
[7]. 

3 

Syntheses of Macromonomers 

Macromonomers are synthesized by introducing an appropriate (co)polymer- 
izable end-group, generally by one of the following methods: (a) end-capping 
of a living polymer (termination method), (b) initiation of living polymeriza- 
tion (initiation method), (c) transformation of any functional end-group, and 
(d) polyaddition. Methods (a) and (b) are simple and usually afford most well- 
defined macromonomers of a controlled degree of polymerization with a nar- 
row MW distribution, but depend on proper combination of any living polym- 
erization with an effective terminator or initiator carrying a polymerizing 
group or its protected one. Method (c) utilizes any end-functionalized poly- 
mers such as those obtained from chain-transfer-controlled radical polymeri- 
zation and polycondensation. Method (d) involves the polyaddition reactions 
between vinyl and silane groups (hydrosilylation), for an example. Since more 
than one hundred macromonomers have been reviewed previously [1], includ- 
ing polyolefins, polystyrenes, polydienes, polyvinylpyridines, poly(meth)acr- 
ylates and their derivatives, poly( vinyl ethers), poly(vinyl acetate) and deriva- 
tives, halogenated vinyl polymers, poly(alkylene oxides), poly(dimethylsi- 
loxanes), poly(tetrahydrofuran) and polyacetals, polyoxazolines and poly(eth- 
yleneimines), polylactones and polylactide, polylactams and poly(amino ac- 
ids), and macromonomers prepared by polycondensation and polyaddition, 
only very recent developments will be described here in a way to supplement 
them. 



3.1 

Polyolefins 

End-functionalized polyethylene (PE) [8, 9], polypropylene (PP) [10], and 
polyisobutylene (PIB) [11] have been transformed to their corresponding mac- 
romonomers carrying (meth) acrylate, oxazoline, and methacrylate end groups, 
1 , 2 , and 3 , respectively. Polybutadienyl lithium was terminated with chlo- 
rodimethylsilane, followed by hydrogenation to saturated polyolefin (PHBd) 
[12]. Hydrosilylation of the end silane with allyl glycidyl ether afforded an epox- 
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idized macromonomer, 4, and subsequent hydrolysis gave a dihydroxy- ended 
macromonomer, 5, to be used for polycondensation to polyester-g-PHBd. 



PE-0CCH=CH2 

II 

O 

CHs 

PE-0CC=CH2 

II 

o 



pp- 



O 



\ 



O' 



CHg CHg 

PIB-CH2C-0CC=CH2 



CHg 



O 
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CHg 

PHBd -SI(CH2)30CH2CH-CH2 
CHg 'b^ 
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CHg 

PHBd-SI(CH 2 )gOCH 2 CH-CH 2 (5) 

CHg OH OH 



3.2 

Polystyrenes 

Polystyrene (PSt) macromonomers, 6, almost quantitatively functionalized with 
p-styrylalkyl end groups have been prepared by termination of living polysty- 
ryllithium with corresponding p-styrylalkyl bromide or iodide [13]. Termina- 
tion of PSt-Li with epichlorohydrin, in benzene plus tetrahydrofuran, was suc- 
cessful after end-capping with 1,1-diphenylethylene to afford epoxide-ended PSt 
macromonomer, 7 [14]. Living polystyryllithium was end-capped with ethylene 
oxide, followed by reaction with 5-norbornene-2-carbonyl chloride to afford co- 
norbornenyl PSt macromonomer, 8, which was also successfully subjected to liv- 
ing, ring-opening methathesis polymerization (ROMP) to afford regular comb 
PSt, 9, with both the branch and the backbone well-controlled with regard to 
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MW and MW distribution [15]. (O-Norbornenyl macromonomers of poly(styrene- 
^7-ethylene oxide) have similarly been prepared, as will be described later in Sect. 3.4. 

PSt— (CH2)m-<Q>-CH=CH2 
(m = 2, 3. 4) 





(7) 




(8) (9) 

Very recently, a multifunctional, “orthogonal” initiator, 10, has been devel- 
oped by Puts and Sogah [16]. Living free radical polymerization of styrene, ini- 
tiated with the styryl-TEMPO moiety as an active site, afforded (o-oxazolinyl PSt 
macromonomer, which was in turn polymerized through cationic ring-opening 
of the oxazoline end groups by methyl trifluoromethanesulfonate, to give a reg- 
ular comb PSt with poly(oxazoline) as a backbone, 11. 
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3.3 

Polyacrylates 

1,3-Pentadienyl-terminated poly(methyl methacrylate) (PMMA) as well as PSt, 
12, have been prepared by radical polymerization via addition-fragmentation 
chain transfer mechanism, and radically copolymerized with St and MMA, re- 
spectively, to give PSt-g-PMMA and PMMA-g-PSt [17, 18]. Metal-free anionic 
polymerization of ter t-hutyl acrylate (TEA) initiated with a carbanion from di- 
ethyl 2-vinyloxyethylmalonate produced vinyl ether-functionalized PTBA mac- 
romonomer, 13 [19]. 



PMMA or PSt — CH 2 -CH=CH-CH=CH 2 (12) 

COOC 2 H 5 

CH2=CH0CH2CH2 — C PTBA (13) 

COOC 2 H 5 



Highly stereoregular PMMA macromonomers, 14, prepared by Hatada and 
coworkers, have recently been fractionated by supercritical fluid chromatogra- 
phy into completely uniform fractions with no structural distribution [20, 21]. 
They have been oligomerized with a radical (AIBN) or an anionic initiator (3,3- 
dimethyl- 1,1 -diphenylbutyllithium). After a new fractionation by SEC comb or 
star polymers of completely uniform architecture are obtained. No doubt, these 
samples will be most promising to investigate the branched structure-property 
relationship. 



f-Bu- 



CH3 

CH2-C— 



COOCH 3 



CH3 

-(CH2)3-0CC=CH2 

II 

o 

n 



(14) 



3.4 

Poly(ethylene oxide) 

Norbornenyl-ended macromonomers from poly(ethylene oxide) (PEO), 15, as 
well as from PEO-fc-PSt or PSt-fc-PEO block copolymers, 16a, 16b, have been 
prepared by the initiation or termination method of living anionic polymeriza- 
tion [22, 23]. The ROMP of 16 afforded various types of controlled, core-shell 
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type star polymers, and block copolymerization of 8 and 15 produced a Janus- 
type or two-faced star polymer. 



^ CH20^CH2CH20|^CH2Ph 



(15) 




-CH2- 



CH2CH^^CH2CH20|^CH2Ph 




(16a) 






CHCH2H 



s-Bu 



(16b) 



Jm 



Polymerization of ethylene oxide with an acetal-protected alkoxide afforded 
a-aldehyde-co-methacryloyl PEO macromonomer, 17, after termination with 
methacrylic anhydride followed by acid hydrolysis [24]. 



CHg 

0=CH-CH2CH20-[CH2CH20] — CC=CH 2 (17) 

o 

Epoxide-terminated PEO macromonomer, 18 [25], and a mesogen-substitut- 
ed PEO macromonomer, 19 [26], have been prepared and polymerized to liquid 
crystalline comb polymers. 



RO -|-CH2CH20j^CH2-CH-CH2 
O 



(R = C10H21, C12H25) 



(18) 



CH3 

CH2=CC0CH2CH20-t-CH2CH0-|-H 
O 



CH2 

? 



c=o 



9 




(R = CH 3 , CgHiy) 



( 19 ) 
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3.5 

Some Other New Macromonomers 

Polymerization of hexamethylcyclotrisiloxane with 3-butadienyllithium afford- 
ed butadienyl-ended polysiloxane macromonomer, 20 [27]. Polycondensation of 
a chiral methyl (3-hydroxyisobutyrate at a temperature higher than 150 °C with 
Ti(0-nBu)4 afforded directly a biodegradable polyester macromonomer, 21 [28] . 



CH2 

II 

CH 

I 

C — 

II 

CHg L 



CHa 

-Si— O- 
CHa 



-SI(CHa)3 



( 20 ) 



-OCH3 (21) 

n 

Glycopeptide macromonomers, 22, were prepared fromp-vinylbenzylamine- 
initiated ring-opening polymerization of sugar-substituted a-amino acid^-car- 
boxyanhydrides [29]. They have been copolymerized with acrylamide to afford 
the corresponding sugar-grafts with molecular recognition ability. 



CHa 

CH2=CC- 

II 

O 



CHa 

OCH2CHC- 

II 

O 




( 22 ) 



(X = OH, NHAc; Y = H, Ac) 



4 

Homopolymerization and Copolymerization of Macromonomers 

Since macromonomers are already polymers with MW between 10^ and 10^, 
their polymerization and copolymerization involves polymer-polymer reac- 
tions. Thus a question of continuing concern has been how and why a macrom- 
onomer is different in its reactivity from a corresponding conventional mono- 
mer of low MW. 
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4.1 

Homopolymerization 



Radical homopolymerization kinetics of some typical macromonomers, such as 
those from PSt, 23, 24 [30, 31], and PMMA, 25 [32, 33], have been studied in de- 
tail by means of ESR methods. 



:-Bu -CHgCH — CH2— <^— CH=CH2 



Jn 



(23) 



CHa 

s-BufCHsCH -|— CH2CH20CC=CH2 

6 



(24) 



CHa 



J-BuHCH2C 



■CH2— CH=CH2 



COOCH^,_ 

(highly isot. orsyndiot) 



(25) 



The kinetics apparently follow the conventional square-root equation for the 
overall rate of polymerization, Rp: 




( 1 ) 



where kp and k^ are the rate constants of propagation and termination, respec- 
tively, k^ and f are rate constants of initiator decomposition and initiation effi- 
ciency, respectively, and [I] and [M] are the concentrations of initiator and mon- 
omer, respectively. Therefore, we also have the conventional expression for the 
kinetic chain length, v: 



v = = ^DP„» (2) 

(2kdfkt)'^2[i]i/2 2 

where DPj^° is an instantaneous number- average degree of polymerization as- 
suming no chain transfer and x is the fraction of disproportionation in the ter- 
mination step. 

Table 1 [1] summarizes the relevant kinetic parameters. Clearly, the polymer- 
ization of macromonomers, 23-25, is characterized by very low k^ values and by 
less reduced k values, compared to those of the corresponding conventional 
monomers such as styrene and MMA. This means that the propagation involv- 
ing the macromonomer and the multibranched radical is slightly less favored 




Poly(macromonomers), Homo- and Copolymerization 143 



Table 1 . Kinetic parameters of some macromonomers in radical polymerization as com- 
pared with conventional monomers 


Monomer 


MW Solvent/initiator^ Temp, 

(g/mol) (°C) 


kp 

(1/mol) s 


kb 

(1/mol s) 


f 


Ref. 


PSt-VB 23 


4980 


benz/AIBN 


60 


4 


l.SxlO^'^ 


0.05 


30 












2.6x103"^ 


0.03"^ 




PSt-MA 24 


400 


benz/AIBN 


60 


18 


8.4x10^'^ 


0.2"^ 


30 












16.8x10^'^ 


0.1^ 




PMMA-VB 25 














(isotactic) 


2900 


tol/AIBN 


60 


50 


1.4x10^^ 


0.28 


32 


(syndiotactic) 2720 


tol/AIBN 


60 


4.7 


1.3x10^^ 


0.22 


32 


PEO-VB26 


2260 


benz/tBPO 


20 


40 


1.8x10^ 


0.15 


34 


(m=l) 




















water/AVA 


20 


1100 


5.4x10^ 


0.9 


34 


Styrene 


104 


- 


60 


176 


7.2x10^ 


0.7 


35 






- 


20 


60 


3.5x10^ 


- 


35 


MMA 


100 


- 


60 


515 


2.6x10^ 


- 


35 



^ Solvent: benz=benzene, tol=toluene; initiator: AIBN=2,2'-azobisisobutyronitrile, tBPO=tert-butyl 
peroxide, AVA=4,4'-azobis(4-cyanovaleric acid) 

^ The values are doubled from those in [30] and [32], where a convention of 2k^ instead of in Eqs. (1) 
and (2) was used in evaluation of k^ 

^ Assumed recombination for termination 
^ Assumed disproportionation for termination 




Fig .2a,b. Models of a propagation reaction of a poly(macromonomer) radical with a mac- 
romonomer; b bimolecular termination between poly(macromonomer) radicals 



while the diffusion-controlled termination between two multibranched radicals 
is severely restricted, as expected from the steric requirements involved as illus- 
trated in Fig. 2. 

As a result, by virtue of Eqs. (1) and (2), the macromonomers may polymerize 
even more rapidly and to a higher degree of polymerization than the corre- 
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spending small monomers, provided the polymerization is conducted at the 
same molar concentration of [M] and [I]. Unfortunately, because the MW of the 
macromonomers is very high, solutions with high [M] and [I] are impractical. 

In any case, we can use Eqs. (1) and (2) as a basis for the designed preparation 
of comb-like poly(macromonomers). Indeed, Eq. (2) predicts that their back- 
bone length, DPn, may be controlled by changing the ratio [M]/[I]. Some devi- 
ation from the simple rate expressions, however, have been observed since a 
macromonomer solution is already viscous from the beginning of polymeriza- 
tion. Presumably this makes the diffusion-controlled termination constant, k^, a 
decreasing function with respect to [M]. For example, the exponents of the [M] 
dependence of Rp or DP were found to be 1.5 or even higher compared to unity 
as required from Eqs. (1) or (2) [34, 36]. The very low initiator efficiency, f, 
around 0.2 or even smaller, as shown in Table 1, found in the solution polymer- 
ization of macromonomers also appears to come from the initiator decomposi- 
tion in the high viscosity medium, resulting in an enhanced probability of re- 
combination or disproportionation of the primary radicals generated. 

Polymerization of p-styrylalkyl- ended poly(ethylene oxide) (PEO) macrom- 
onomers, 26, in benzene followed the similar trend in kp and k^ as discussed 
above [34]. Most interestingly, however, these amphiphilic macromonomers po- 
lymerize unusually rapidly in water to very high DPs, apparently because they 
organized into micelles with their hydrophobic, polymerizing end groups local- 
ly concentrated in the cores. Furthermore, the true kp and k^ values in the hypo- 
thetically isolated micellar organization, estimated from the apparent values 
given in Table 1 by just multiplying by the macromonomer weight fraction 
(0.11), appears to be enhanced and reduced, respectively, compared to those in 
benzene. The initiator efficiency, f, was also high in that case. co-Methacryloy- 
loxyalkyl PEO macromonomers, 27a (m=6, 11), also polymerize very rapidly in 
water [37, 38]. The results, therefore, suggest that, by taking advantage of the 
polymeric nature of the macromonomers, the control of their organization in 
solution will lead to unique and useful applications. 



CH 30 -[-CH 2 CH 2 (%(CH 2 )rfr<^— CH=CH 2 
(m = 1,4, 7) 



CHa 



CH30fcH2CH20l-(CH2)n,-0CC=CH2 
y Jn II 



(m = 0, 6, 10, 11) 
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CH 30 tcH 2 CH 20 l-CC=CH 2 
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(27b) 
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Conventional radical polymerization usually produces polymers with a broad 
distribution in DP. The polymers are mixtures of the instantaneous polymers 
with DP^/DPj^ of at least 1.5 for the termination by recombination or 2.0 either 
for the termination by disproportionation or for the chain transfer to small mol- 
ecules. In this respect, any living polymerization with rapid initiation will afford 
polymers with a narrow DP distribution of the Poisson type. Ring-opening met- 
hathesis polymerization of norbornenyl- terminated macromonomers, 8 , 15 , 
and 16 , appears promising in this regard [22, 23]. 



4.2 

Copolymerization 

A number of copolymerizations involving macromonomer (s) have been studied 
and almost invariably treated according to the terminal model, Mayo-Lewis 
equation, or its simplified model [39]. The Mayo-Lewis equation relates the in- 
stantaneous compositions of the monomer mixture to the copolymer composi- 
tion: 



d[A] ^ l+rA[AXB] 
d[B] 1 + re[BXA] 

where d[A]/d[B] is the molar ratio of the monomers A to B incorporated into the 
copolymers instantaneously formed from the monomer mixture with the molar 
ratio [A]/[B], and r^ and r^ are the respective monomer reactivity ratios. 

Copolymerization between a conventional comonomer (A) and a macromon- 
omer (B) affords a so-called graft copolymer with A as a backbone and B as sta- 
tistically distributed branches, as in Fig. lb,d. Since usually [A]/[B]>>1 in order 
to obtain a balanced composition (in weight) of backbone and branches, Eq. (3) 
is approximated to a simplified form: 



[A 

d[B] ^[B] 



(4) 



Therefore, the copolymer composition or the frequency of the branches is es- 
sentially determined by the monomer composition and the monomer reactivity 
ratio of the comonomer. 

The relative reactivity of the macromonomer in copolymerization with a 
common comonomer. A, can be assessed by l/rA=kAB/kAA> the rate constant 

of propagation of macromonomer B relative to that of the monomer A toward a 
common poly-A radical. In summarizing a number of monomer reactivity ra- 
tios in solution copolymerization systems reported so far [3, 31, 40], it appears 
reasonable to say that the reactivities of macromonomers are similar to those of 
the corresponding small monomers, i.e., they are largely determined by the na- 
ture of their polymerizing end-group, i.e., essentially by their chemical reactiv- 
ity. 
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Fig. 3. Model of cross-propagation between a grafted poly(comonomer) radical and a mac- 
romonomer 



In some but not so rare cases, however, reactivity of macromonomers was 
found to be apparently reduced by the nature of their polymer chains. For exam- 
ple, p-vinylbenzyl- or methacrylate-ended PEO macromonomers, 26 (m=l) or 
27b, were found to copolymerize with styrene (as A) in tetrahydrofuran with in- 
creasing difficulty (1/r^ is reduced to one half) with increasing chain length of 
the PEO [41]. Since we are concerned with polymer-polymer reactions, as 
shown in Fig. 3, the results suggest that any thermodynamically repulsive inter- 
action, which is usually observed between different, incompatible polymer 
chains, in this case PEO and PSt chains, may retard their approach and hence the 
reaction between their end groups, polystyryl radical and p-vinylbenzyl or 
methacrylate group. Such an incompatibility effect was discussed in terms of the 
degree of interpenetration and the interaction parameters between unlike poly- 
mers to support the observed reduction in the macromonomers copolymeriza- 
tion reactivity [31, 40]. Similar observations of reduction of the copolymeriza- 
tion reactivity of macromonomers have recently been reported for the PEO mac- 
romonomers, 27a (m=ll) with styrene in benzene [42], 27b with acrylamide in 
water [43], and for poly(L-lactide), 28, with dimethyl acrylamide or ^-vinylpyr- 
rolidone in dioxane [44]. 



CHg CHg 

CH2=CC0CH2CH20 -CH2CHOj— H 



(28) 



The composition distribution of the graft copolymers obtained by the mac- 
romonomer method has been shown theoretically to be statistically broader 
than in the corresponding conventional linear copolymer, due to the high MW 
of the macromonomer branches [45, 46]. This has been experimentally con- 
firmed by Teramachi et al. with PSt macromonomers, 23 or 24, copolymerized 
with MMA [47-49]. The chemical composition distribution was found to broad- 
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en with increasing MW and decreasing frequency of the macromonomer 
branches, as well as with increasing conversion, as expected. 

Narrow distribution in the backbone length as well as in the chemical compo- 
sition or the branch frequency may be expected from a living-type copolymeri- 
zation between a macromonomer and a comonomer provided the reactivity ra- 
tios are close to unity. This appears to have been accomplished to some extent 
with anionic copolymerizations with MMA of methacrylate-ended PMMA, 29, 
and poly(dimethylsiloxane) macromonomers, 30, which were prepared by living 
GTP and anionic polymerization, respectively [50, 51]. Recent application [8] of 
nitroxide (TEMPO) -mediated living free radical process to copolymerizations 
of styrene with some macromonomers such as PE-acrylate, la, PEO-methacr- 
ylate, 27b, polylactide-methacrylate, 28, and poly(8-caprolactone)-methacr- 
ylate, 31, may be a promising approach to this end. 



CHg CHg 
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CH2=CCOCH2CH200C — \ 

O O CHg 



CHg 
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COOCHgJ, 
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CHg CHg 
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I II 

nCHg O 



(30) 



CHg 

CH2=CC0CH2CH20 

o 



C(CH2)5C>t-H 
O 



(31) 



In an apparently homogeneous solution, macromonomers, possibly together 
with the resulting graft copolymers, may lead to some structure formation such 
as micelle or looser association, which may in turn change the apparent reactiv- 
ities due to some specific solvation or partition of the monomers around the ac- 
tive sites. Such a “bootstrap” effect [52] may be responsible for some complicat- 
ed dependency of the apparent reactivities on the monomer concentration and 
composition in radical copolymerization of 29 with n-butyl acrylate [53]. 

Use of macromonomers as reactive (copolymerizable) surfactants in hetero- 
geneous systems such as emulsion and dispersion constitutes an increasingly 
important application in the design of polymeric microspheres, as will be dis- 
cussed later in Sect. 6. Here the macromonomers copolymerize in situ with 
some of the substrate comonomers to afford the graft copolymers, the grafts 
(branches) of which serve as effective steric stabilizers by anchoring their back- 
bone onto the surfaces of the particles. In general, however, the copolymeriza- 
tion reactivities of macromonomers in such systems are not well understood 
yet. 

Copolymerization involving two or more kinds of macromonomers appears 
interesting in providing comb polymers with multiple kinds of branches, but 
also in refiecting some explicit polymer effects involved in the polymer-polymer 
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reactions. Two macromonomers with different polymer chains but with the 
same polymerizing end groups may copolymerize azeotropically if the reaction 
is solely chemically controlled and there are no polymer effects. PSt and polyiso- 
prene (Pip) macromonomers, both with a p-vinylbenzyl end group, have been 
copolymerized in benzene with a free radical (AIBN) and an anionic initiator (n- 
butyllithium) [54, 55]. The results show a nearly azeotropic polymerization 
when the macromonomers have similar DPs but with some preference for incor- 
poration of higher MW Pip macromonomer, suggesting some polymer effect 
caused by the morphology of the double comb copolymers formed. 

We copolymerized PSt and PEO macromonomers carrying the same meth- 
acrylate end groups, 24 (n=27) and 27b(n=16, 48), with AIBN in benzene, and 
found the latter more reactive [56]. In contrast, copolymerization between the 
macromonomers with the same polymer chain but with different polymerizing 
groups, PEOs withp-vinylbenzyl and methacrylate, 26 (m=l, n=48) and 27b (n= 
48), was nearly azeotropic, i.e., r^~rg~l, in benzene or in methanol. Therefore, 
the PEO chains appear to make the intrinsic reactivity difference of their end 
groups almost insignificant. In water with 4,4'-azobis(4-cyanovaleric acid), 
however, PEO macromonomers with more hydrophobic polymerizing end 
groups are apparently more reactive in copolymerization in the order of 26 (m= 
4) >26 (m=l)>27b. This clearly supports the micellar copolymerization mecha- 
nism which favors an amphiphilic monomer with a more hydrophobic polymer- 
izing moiety to participate more readily in the reaction sites (micelles). 

To summarize, macromonomers in polymerization and copolymerization 
are only fairly well understood compared to the conventional monomers. Ef- 
fects, such as conformational, morphological, or due to incompatibility caused 
by the macromonomer chains, remain to be further investigated. As a result, the 
macromonomer technique is expected to lead to other unique applications in- 
cluding construction of novel branched architectures. 

5 

Characterization of Star and Comb Polymers 

Homopolymerization of macromonomer provides regular star- or comb-shaped 
polymers with a very high branch density as shown in Fig. la,c,e. Such polymac- 
romonomers, therefore, are considered to be one of the best models for under- 
standing of branched architecture-property relationships. Their properties are 
expected to be very different from the corresponding linear polymers of the 
same MW both in solution and the bulk state. Indeed, during the past decade, 
remarkable progress has been accomplished in the field of static, dynamic, and 
hydrodynamic properties of the polymacromonomers in dilute and concentrat- 
ed solutions, as well as by direct observation of the polymers in bulk. 

On the other hand, copolymerization of a conventional monomer with a mac- 
romonomer also affords well-defined graft copolymers at least in the sense that 
the chain length of the macromonomer which forms the branches is predeter- 
mined, as shown in Fig. lb,d,f. Nevertheless, both the branched structure and 
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heterogeneities in MW and composition make the relevant characterization 
techniques, such as SEC and light scattering, greatly inefficient in a strict sense. 
In spite of the fact that characterization of graft copolymers prepared by the 
macromonomer method is of essential importance, their characterization is still 
not fully realized. Only a very few literature references are available in which a 
precise characterization of the MW and compositional distributions of the graft 
copolymers is described. 

Two papers to be noted here have been reported by Ward's group [51] and 
more recently, by Muller's group [53] for the synthesis and characterization of 
model PMMA-g-PMMA. The former group synthesized model PMMA-g-PMMA 
with narrow MW and compositional distributions by anionic copolymerization 
of MMA and a methacrylate-terminated PMMA macromonomer, 29. The graft 
polymers were characterized by several methods including membrane osmom- 
etry, static light scattering, and hyphenated techniques such as SEC-LALLS and 
SEC-differential viscosity (DV). The combination of these techniques demon- 
strated that the PMMA-g-PMMA containing up to 40 mass % of long-chain 
branching obeyed the universal calibration in SEC. The small characteristic ra- 
tio values were also determined for the graft copolymers by applying Stockmay- 
er-Fixman (S-F) plot, though the application of S-F plot to the branched poly- 
mer system is questionable. The shrinking factor, g=<S^>l^/<S^>l (see below), 
determined by SEC-DV, was found to increase with increasing MW; that is, the 
apparent branching density decreased with M^ 

Muller et al. [53] prepared similar PMMA-g-PMMA by radical copolymeriza- 
tion of MMA with methacrylate-terminated PMMA macromonomer, 29, and 
characterized the samples by SEC-multiangle laser light scattering (MALLS). 
The power law exponent, a, in the equation, <S^>^^^ocM^, was found to be 0.36. 
In remarkable contrast to the result of Ward et al. [51], the shrinking factor de- 
creased with increase of MW. This may imply that the difference in graft copol- 
ymerization method, anionic or radical, results in the graft copolymers with 
very different branch distribution. 

The characterization and solution properties of graft copolymers in which 
the backbone polymers are chemically different from the branches require many 
difficulties to be overcome, from the viewpoints of the determination of MW, the 
branching rate, and their distributions. 

In the next section, therefore, we review recent studies of simpler cases, i.e., 
homopoly(macromonomers), star- and comb-shaped polymers, followed by 
some interesting properties of the graft copolymers to be used as polymeric sur- 
factants, surface modifiers, and compatibilizers for blends. 



5.1 

Characterization and Solution Properties of Poly(macromonomers) 

Polymacromonomers can be geometrically classified into two types of regular 
branched forms, i.e., stars and combs, depending on the degree of polymeriza- 
tion of the backbone and side chains. The poly(macromonomers) are probably 
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better treated as star polymers when the number of arms is small. The “bottle- 
brush” conformation, characteristic of poly(macromonomers), develops as the 
number of branches increases. Crossover between stars and bottlebrushes, 
therefore, would be expected to appear at a certain degree of polymerization of 
macromonomer, as will be described later. 

The effect of branching on the solution properties is usually discussed in 
terms of the comparison with those of corresponding linear polymers. The 
mean-square radius of gyration of branched polymers, <S^>^, is characterized 
using a dimensionless parameter, the shrinking factor, g, which is defined as 



g = 






(5) 



where <S^>i is the mean-square radius of gyration of the linear polymer of the 
same MW. For Gaussian chains, the value of g for star- (gj) and comb-shaped (g^) 
polymers is theoretically given as [57, 58] 



gs = 



3f'-2 

f,2 



(6) 



1 + 2f'Y + (2f'-l-f '2 )y 2 +(3f '2-2f)Y^ 

(i+fVP 



where f is the number of branches and y is the ratio of the MWs of a branch and 
the backbone. When excluded-volume effects exist, the value of gg for the star- 
shaped branched polymer near the 0-temperature may be modified to [59, 60] 



3f',2 (l+KbZ + ---) 
f'2 (1-F1.276Z + ---) 



( 8 ) 



where z is the excluded-volume parameter which is defined as z=(3/(27rb^))^^^(3 
with the bond length b, the number of the bond n, and the binary cluster in- 
tegral (3, and is given by 



Kb = 



f.i/2(3p_2)i 



^^^l^(f'-l) - l^f-2) + ^101x2°-5-138)(f--lXr-2) 



(9) 



The g factors of some star- shaped poly macromonomers with relatively limit- 
ed number of arms have been investigated and compared with the theory men- 
tioned above. Tsukahara et al. [61] estimated the g factors of PSt polymacrom- 
onomers from 24 by SEC-LALLS measurement and compared with Eqs. (6) and 
(8). The results suggest that these poly(macromonomers) behave like star poly- 
mer. The experimental value of g is larger than the theoretical one based on 
Eq. (6) in agreement with results of studies on model star polymers [62]. 
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Gnanou and coworkers [15,22,23] prepared several types of regular star- and 
comb-shaped polymers by living, ROMP of co-norbornenyl macromonomers, 8 , 
15 and 16. Some of them were characterized by means of the universal calibra- 
tion in SEC to discuss the chain density, radius of gyration, and shrinking factor 
[63]. 

Hatada and coworkers [64] have prepared a series of uniform oligo(PMMA 
macromonomer)s prepared by a radical or anionic polymerization of uniform 
PMMA macromonomer, 14, followed by fractionation by SEC. The MW depend- 
ence of the limiting viscosity, [r|], was investigated with monomer to tetramer of 
the PMMA macromonomer using SEC-DV. 

Ito et al. [65] investigated the MW dependence of the limiting viscosity for a 
series of regular polymacromonomers from PEO macromonomers, 26 (m=l) 
and demonstrated that the universal SEC calibration holds for these polymers. 
The exponent, a, in the Mark-Houwink-Sakurada equation defined by 

[ri] = KM^ (10) 

decreased with increase of the chain length of the branch. It was found at least 
in the MW range investigated that the value of a steeply approaches zero when n 
is above 44. Very low values of a clearly suggest that polymacromonomers be- 
have hydrodynamically as a non-draining rigid sphere and/or constant segment 
density particles. The similar results were reported by Tsukahara et al. [ 66 ] in 
which they studied [r|] of PSt polymacromonomers from 24. They also observed 
that in high M^ region, [r|] goes up and increases with M^ This rising of [r|] with 
M^ was suggestive of the change in the molecular conformation of polymacrom- 
onomers from starlike to bottlebrush. 

Schmidt et al. [67, 68 ] have first demonstrated that polymacromonomers 
from a series of PSt macromonomers, 24, behave as semi-fiexible polymer 
chains in dilute toluene solution by the measurements of SEC-MALLS, SEC-DV, 
and dynamic light scattering (DLS). The Kuhn statistical segment length was re- 
ported to increase monotonously up to ca. 300 nm with branch chain length. 
They termed them, therefore, as “molecular bottlebrushes” (see Fig. le). Subse- 
quently, the diffusion and sedimentation experiments studied by Nemoto et al. 
[69] clearly showed that their MW dependence is quantitatively described by the 
prolate ellipsoid model with the values of the main and the minor axes calculat- 
ed from a planar zigzag PMMA backbone and Gaussian PS branched chains, re- 
spectively. Small-angle X-ray scattering (SAXS) experiments also supported that 
the side chains assume a random coil conformation [ 68 ]. 

Figure 4 shows a double logarithmic plot of radius of gyration, <S^> 2 , (open 
circles) of a polymacromonomer from PEO macromonomer, 26 (m=4, n=50) 
(C 1 -PEO-C 4 -S- 5 O) in 0.05 N NaCl solution against M^ [70]. The <S^>^ data for 
M^ lower than 1x10^ (filled circles) were calculated using Eq. ( 6 ) and the equa- 
tion, <S^>2=4.08 x 10"^M^^-^^ for a PEO chain in water at 25 °C [71]. Both data are 
seen to superimpose in the region of M^~lxl0^. It can be expected from Fig. 4 
that the plot of log<S^>^ vs logM^ of the polymacromonomers assumes a re- 
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Fig. 4. Double logarithmic plots of vs of poly(macromonomer) of 26 (m=4, n= 

50) in 0.05 N NaCl H 2 O at 25 °C. Open symbols (o) are experimental results. The closed sym- 
bols (1) are calculated values by Eqs. (5) and (6). The thick solid line is theoretical, calculated 
from Eqs. (11) and (14-17) for the perturbed KP chain with q=17 nm, ML=1.03X10^nm"\ 
and B=5.78 nm; the dashed line is theoretical, calculated for the unperturbed KP chain (B=0) 



verse S-shaped curve. That is, in the lower than ca. 1x10^, the polymacrom- 
onomer assumes a star-shaped conformation and above it the characteristic bot- 
tlebrush conformation of the polymacromonomer appears. 

With higher than 3x10^, the experimental points could be fitted by a 
smooth convex curve. The slope of the convex curve was about 1.54 for be- 
tween 5x10^ and 1x10^ and about 1.15 for between 3x10^ and 3x10^. This 
change in slope implies that the molecule is rodlike at lower MW and approaches 
a spherical coil as increases, which is the characteristic behavior of semi- 
fiexible polymers. 
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According to Benoit and Doty [72], the unperturbed <S^>^ of a monodisperse 
wormlike chain is expressed by 



S2) -^.n2 + 

' ”3Ml ^ 



2q3ML' 



M 



qMii , 

liT' 



M y 

^ qML/ 



( 11 ) 



with the molecular weight M, persistence length q, and shift factor Ml=M/L, 
where L is the contour length of a wormlike chain. Murakami et al. [73] showed 
that when M/(2qML)>2, Eq. (11) can be approximated by 




( 12 ) 



Zhang et al. [74] showed that for M/(2qML)<2, Eq. (1 1) may be replaced by 






213 



\12(s^)o] 



. 1/3 



15 q 



(13) 



When the Zhang plot is applied to the present data for 5xlO^<M^<lxlO^, a 
straight line was obtained to give q=17 nm and Ml= 1.03x10^ nm"k The value of 
Ml is in good agreement with that (Ml= 1.05x10^) calculated from the molecular 
structure. The theoretical curve (broken line) in Fig. 4 was computed from 
Eq. (11) with q=17 nm and Ml= 1.03x10^ nm"klt can be seen that the theoretical 
curve describes the chain length dependence of the dimension of polymacrom- 
onomers for M^< 1.5x10^ but above it deviates from the experimental data. This 
is most likely due to excluded-volume effects. The Kuhn segment number, (= 
M^/(2qML), M^=1.5xl0^) at which onset of excluded-volume effects appear is 
calculated to be 4.28, in agreement with Yamakawa-Stockmayer perturbation 
theory [75]. 

Yamakawa-Stockmayer-Shimada (YSS) theory [75-77] predicts that the radi- 
us expansion factor (=(<S^>/<S^>o)^^^) is a universal function of the scaled 
excluded-volume parameter z defined by 



z = (|jK(x,L)z (14) 

with 






(15) 



k(xl) = I - 2.71 i(x,l)'*'^ + for XL>6 



(16) 



or 

k()^l) = (XL)‘‘'^exp[- 6.61 i(xl)'^ + 0.9198 + 0.03516(xl) ] for (17) 
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where is the Kuhn segment length (=2q), z is the conventional excluded-vol- 

ume parameter for the Kratky-Porod (KP) chain, and B is the excluded-volume 
strength (=(3/a'^) for the KP chain with a' being the bead spacing. The YSS the- 
ory with the Domb-Barrett function [78] for the is applied to the experimen- 
tal data of <S^>2 and in Fig. 4. It is seen that the experimental values in 
3xlO^<M^<lxlO^ are quantitatively described in terms of the YSS theory (solid 
line) with B=5.78 nm, q=17 nm, and Ml=1.03x 10^ nm“^ within experimental er- 
ror. It is concluded, therefore, that the polymacromonomer of 26 (m=4, n=50), 
(C1-PEO-C4-S-5O) behaves in water as an unperturbed semi-flexible polymer in 
the region nj^<4.3 and as a perturbed semi-flexible polymer when nj^>4.3. The 
experimental particle scattering function P(0) of this polymer was also found to 
be described accurately by a theoretical curve for the wormlike chain with the 
same q and Ml parameters. In addition, fluorescence studies supported that the 
conformational mobility of the hydrophobic polystyrene backbone of the bottle- 
brush is strongly restricted in water. All these results support that the PEO pol- 
ymacromonomer with higher than 1x10^ behaves as a bottlebrush in water, 
in accord with the results by Schmidt et al. [67, 68], but somewhat different from 
those by Richtering et al. [79], who carried out light scattering studies for am- 
phiphilic polymacromonomer with oligo( ethylene oxide) chains as the branch. 

The crossover from stars to bottlebrushes is expected to take place at M^= 
1x10^ which corresponds to nj^=0.29 and L=9.7 nm in the polymacromonomers. 
The diameter of the bottlebrush may be calculated to be 7.8 nm from the 
of a PEO chain. Thus, the crossover may take place when the chain 
length of the backbone becomes more or less comparable to the diameter of the 
bottlebrush. 

Recent Monte Carlo simulation studies for the polymacromonomers using 
the bond fluctuation model by Shiokawa et al. [80, 81] showed that the shape of 
the main chain varies gradually from a self-avoiding coil-like form to an extend- 
ed rod-like form with increasing side chain length. On the other hand, the side 
chain conformation was shown to be independent of the side chain length and 
contour length. The SAXS profiles of polystyrene polymacromonomers in a con- 
centrated solution was reported to show a sharp peak, which is also characteris- 
tic of the ordering of the semi-flexible polymers [82]. 

On the other hand, while the MW dependence of <S^>, diffusion, and sedi- 
mentation coefficients of these bottlebrushes were quantitatively described by 
the wormlike chain model, a significant disagreement between that of [r|] and 
the theory was also reported [65-67]. This is an unsolved subject to be studied 
further. 



5.2 

Bulk Properties 

Polymacromonomers with polymeric branches on every second carbon atom of 
the backbone have an extremely high branched chain density. In other words, 
one polymacromonomer chain of degree of polymerization, DP has DP-l-2 ends. 
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Table 2. 


Glass transition temperatures of PSt polymacromonomers 




MW of 

10-^Mn 


macromonomer 


Tg of polymacromonomer/ °C 
obs. cal.^ 


0.81 


0.9 


56-68 


44 


2.9 


3.1 


84-90 


84 


12.4 


13.1 


98 


96 


14.0 


14.6 


100 


97 


27.0 


28.1 


- 


98 



^ Calculated by Eq. (18), based on Tg=Tg°° - 1.0X10^2M^with Tg°°=100 



Therefore, their bulk properties are expected to be significantly different from 
those of the corresponding linear polymer. Indeed, detailed studies by Tsukaha- 
ra et al. [31, 83] revealed that the glass transition temperature, Tg, of PSt poly- 
macromonomers from 24 is predominantly determined by the excess free vol- 
ume effect of end group per unit MW, as summarized in Table 2. Generally, the 
Tg value was found to increase with increase of the MW of macromonomer and 
also that of polymacromonomers. The chain end effect on the glass transition 
temperature is described by the relation [84] 



_ 2T”vMo 
® " « ■ V, M 



(18) 



where is Tg for the polymer of infinite MW, Mq and M are the MWs of mon- 
omeric unit and the macromonomer, v is the free volume per monomeric unit, 
and V is the excess free volume at a chain end. The value of Tg of the polymac- 
romonomers calculated by Eq. (18) is given in Table 2. Hatada and Kitayama 
[33] also reported that the value of Tg of zY-PMMA polymacromonomer from 25 
(n=30) is 44 °C. 

Tsukahara et al. [83] have reported that when PSt polymacromonomers are 
cast onto Tefion or glass plates, many cracks are generally created during the sol- 
vent evaporation and the resulting films are too brittle to handle. They ascribed 
the result to a lack of chain entanglement networks in the polymacromonomers 
[85]. In fact the SAXS profiles of the polymacromonomers in the bulk state dem- 
onstrated that the polymacromonomer molecules exist independently of each 
other [86, 87]. Such behavior was confirmed directly by STM [88] and tapping 
scanning force microscopy [89]. The incompatibility was also observed between 
high MW linear polystyrene and PSt polymacromonomers with high degree of 
polymerization, in spite of the fact that they are athermally mixing [85, 90, 91]. 
The PSt polymacromonomers have been reported to form lyotropic main chain 
liquid crystals in toluene solution and in the bulk state [82, 90, 91]. The crystal- 
lization behavior of PEO comb-shaped polymers from 27b was reported by 
Wesslen et al. [92]. The polymacromonomers from n=9 and 23 were amorphous 
material with Tg=-55 — 60 °C but those from n=45 were crystalline with mp= 
38-44 °C. 
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5.3 

Some Properties of Graft Copolymers 

Amphiphilic graft copolymers are conveniently synthesized by copolymeriza- 
tion of a hydrophobic monomer with a hydrophilic macromonomer and vice 
versa. The resulting copolymers are of great interest from the point of view of 
their surface active properties. 

Amphiphilic graft copolymers synthesized by HEM A with PSt macromono- 
mer were found to form a micellar aggregate in methanol by NMR analysis 
[93, 94]; the spectrum of HEMA-rich graft copolymer (85% of HEMA content) 
in CD 3 OD showed only peaks due to PHEMA segments, expected from their 
conformations like that shown in Fig. If. On addition of CDCI 3 to the solution of 
the graft copolymer, peaks ascribed to polystyrene segments also appeared, cor- 
responding to the expected conformation with both segments expanded or 
coiled like in Fig. lb. These data clearly indicate that the PSt segments, insoluble 
in methanol, constitute a micelle core which behaves as a solid on the NMR time 
scale. Consequently, their resonance peaks were too broad to be observed. The 
reverse phenomenon was observed in the case of polystyrene-rich graft copoly- 
mer (72% of PSt content); in the NMR spectrum measured in CDCI 3 , only the 
peaks due to the PSt segments were observed, indicating the formation of a mi- 
celle with a PHEMA core surrounded by PSt segments. The conformation of the 
micelle is shown in Fig. Id. In parallel to this line, some papers about surfactant 
properties of various kinds of graft copolymers have been reported [95, 96]. 

Control of surface properties of polymers is very important in technical fields 
such as coatings, adhesives, films, and fibers. Among various surface modifica- 
tion techniques, surface accumulation of graft copolymers is a convenient and 
promising method for the surface control. Yamashita et al. [97] investigated the 
surface activity of graft copolymers prepared from perfiuoroalkylethyl acrylate 
and PMMA macromonomer in PMMA films, prepared by the solvent cast meth- 
od. A very small amount of the graft copolymer was sufficient to improve the 
anti-wettability of PMMA films, as evaluated by contact angle of a water or do- 
decane droplet. Fluorine- [98] , silicon- [99] , PMMA- [100], and poly(2-methyl-2- 
oxazoline) -containing [96] graft copolymers have been prepared and studied 
with respect to their properties as a surface modifier. 

The polymer composites have been investigated in order to achieve various 
functions and properties enhancements. In blending polymer materials, com- 
patibility between the respective polymers becomes very important to affect the 
properties of the resulting polymer blend. In immiscible cases, the graft copoly- 
mers are often used as a compatibilizer. Poly(styrene-g-MMA) prepared by a 
macromonomer technique was reported to be an effective compatibilizer for 
blending between PSt and PVC; elongation and tensile strength of the composite 
containing the graft copolymer are superior to those without the compatibilizer 
[ 101 ]. 

Recently, much attention has been paid to selective gas permeable mem- 
branes. The basic requirements for these membrane are a high permeability co- 
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efficient, high selectivity, and self-supporting properties. Poly(dimethylsi- 
loxane) is known to have a high permeability coefficient for oxygen although its 
selectivity for permeants and mechanical strength are low. Kawakami et al. [102] 
have prepared various polymers having oligosiloxane side chains by the 
homopolymerization of the macromonomers. The polymer with short siloxane 
chains was found to be better than that with long branches in selectivity for per- 
meation of oxygen and in mechanical strength. 

6 

Design of Polymeric Microspheres Using Macromonomers 

Polymerizations are usually carried out in a good solvent for both a monomer 
and its resulting polymer. When in the presence of suitable dispersants one car- 
ries out the polymerization in non-solvents, however, polymeric microspheres 
are produced. Much attention has been paid recently to this type of heterogene- 
ous polymerization to afford monodisperse polymeric microspheres because of 
various applications in technical and biomedical fields. 

One of the fascinating applications of macromonomers is in the field of het- 
erogeneous polymerization such as emulsion and dispersion systems. This 
was first reported for nonaqueous dispersions (NAD) by the ICI group [7]. The 
heterogeneous polymerization in the presence of suitable stabilizers affords 
submicron- to micron-sized polymeric microspheres, often of excellent mon- 
odispersity. Among a variety of methods of preparing polymeric micro- 
spheres, the macromonomer technique is unique and fiexible in that the mac- 
romonomers themselves act as reactive emulsifiers or dispersants without any 
conventional surfactants. The macromonomers are graft-copolymerized dur- 
ing copolymerization and accumulate on the particle surface, so that the re- 
sulting emulsions and dispersions are very effectively sterically stabilized 
against fiocculation. As the counterpart of NAD, a number of emulsion or dis- 
persion systems in water or in alcoholic media have been recently developed 
using hydrophilic macromonomers to meet increasing concerns for environ- 
mentally friendly systems. 



6.1 

Dispersion Polymerization 

Dispersion polymerization is defined as a type of precipitation polymerization 
by which polymeric microspheres are formed in the presence of a suitable steric 
stabilizer from an initially homogeneous reaction mixture. Under favorable cir- 
cumstances, this polymerization can yield, in a batch process, monodisperse, or 
nearly monodisperse, latex particles with a relatively large diameter (up to 
15 pm) [103]. The solvent selected as the reaction medium is a good solvent for 
both the monomer and the steric stabilizer, but a non-solvent for the polymer 
being formed and therefore a selective solvent for the graft copolymer. This re- 
striction on the choice of solvent means that these reactions can be carried out 
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Table 3. Examples of dispersion copolymerization with macromonomers 


Macromonomer 


Monomer 


Medium 


Ref. 


PHSA 32 


MMA 


Hydrocarbon 


7 


PLMA 33 


MMA 


Hydrocarbon 


7 


PE lb 


MMA 


Dodecane, PE 


9 


POXZ 34 


MMA 


Me0H-H20 


104 


POXZ 34 


Styrene 


Et0H-H20 


105 


POXZ 34 


CH2=CHNHCH0 


MeOH 


106 


POXZ 35 


MMA 


Me0H-H20 


107 


PEO 26 (m=l) 


MMA, Styrene 


Et0H-H20 


108, 109 


PEO 27b 


Styrene 


Et0H-H20 


no 


PEO 36,2b(m=l) 


Styrene 


Et0H-H20 


111 


PEO 26 (m= 1,4,7) 


Styrene, MMA, BMA 


Me0H-H20 


112, 113, 114 


PEO 27a(m=ll) 


Styrene 


Et0H-H20 


115 


PEO 27a(m=6,10),27b 


Styrene, MMA 


Me0H-H20 


38 


PEO 37 


Styrene 


Et0H-H20 


116 


PVP 38 


Styrene, MMA 


EtOH 


117 


PVAcA 39 


Styrene 


Eton 


118 


PVA40 


MMA 


EtOH-Water 


119 


P4VP 41 


Styrene 


EtOH 


120 


PNIPAM 42 


Styrene 


EtOH 


121 


PTBMA 43 


Styrene 


EtOH 


120 


PAA44 


MMA 


Et0H-H20 


122 


PDMS 45 


MMA, Styrene 


CO 2 


123 


PCL 46 


L,L-Eactide 


Heptane- dioxane 


124, 125 


PMA 47 


MMA 


Et0H-H20 


126 


PMA 48 


Styrene 


Me0H-H20 


127 



with solvents with extremely low or high solubility parameters. The examples of 
dispersion polymerization using macromonomers are summarized in Table 3. 
Historically, non-aqueous dispersion (NAD) polymerization of polar monomers 
was first carried out in aliphatic hydrocarbon media with hydrophobic macrom- 
onomers, 32 and 33 [7]. These are copolymerized with MMA or other polar 
monomers to produce comb-graft copolymers which have limited solubility in 
pure aliphatic hydrocarbons but have adequate solubility in hydrocarbon-mon- 
omer mixtures. It is particularly effective in stabilizing PMMA NAD particles. 
PE macromonomers lb have been used for the dispersion copolymerization of 
MMA in dodecane and in PE melts to produce stable PMMA dispersion at a high 
temperature [9]. In the latter case, nanocomposite materials in which submi- 
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cron-sized PMMA fine particles are uniformly dispersed in the PE bulk can be 
prepared during the copolymerization. 



CH3 



CH2=CCOCH2CHCH20-+-C(CH2 )ioCH 
OH L 0 



CeHi3 



9^17H35 

nO 



(32) 



CH3 CH3 

CH2=CC0CH2CHCH209CH2S— CH2C- 



OH 



COOC 12 H 25 I 



(33) 



The technique has been recently extended to polar media, especially alcohols 
and their mixtures with water as a continuous phase. Kobayashi et al. [104-107] 
have reported that poly(2-oxazoline) macromonomers such as 34 and 35 are very 
effective for the dispersion copolymerization with styrene, MMA, and ^^-vinyl- 
formamide in methanol, ethanol, and mixtures of these alcohols with water. 
They reported that the particle size decreased with increasing initial macromon- 
omer concentration and that poly(2-oxazoline) macromonomers graft-copoly- 
merized are concentrated on the particle surface to act as steric stabilizers. 



CH2=CH-<^^^^^^^CH2 



NCH2CH2- 



I 

lr 



R=Me, Et 



HO 



- CH2CH2N— 




-NCH2CH2- 


c=o 

I 




t=0 


Me 


n 


-Me 



(34) 



(35) 



Dispersion copolymerizations using poly(ethylene oxide) (PEO) macromon- 
omers 26, 27, 36 and 37 in alcoholic media have been intensively studied by 
many researchers [38, 108-116]. They afford nearly monodisperse polymeric 
microspheres of submicron to micron size, covered with PEO chains on their 
surface. Several factors which affect the particle size and polymerization kinet- 
ics have been systematically studied. The theoretical model for particle nuclea- 
tion in these systems has also been developed and compared with the experi- 
mental observations, as will be presented in Sect. 6.2. 




(36) 



ROi 




-|-CH2CH20-]-R' 



R=H, C 12 H 25 
R'=H, CHg 



(37) 
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Several other hydrophilic macromonomers including 38-44 have been suc- 
cessfully applied to the dispersion polymerization [1 17-122]. These macromon- 
omers were synthesized by radical polymerization in the presence of appropri- 
ate chain transfer agents, followed by transformation of the end group, as was 
previously summarized [1]. Akashi et al. [121] used PNIPAM macromonomer 42 
in ethanol and have prepared thermosensitive microspheres 0.4- 1.2 pm in di- 
ameter consisting of a PSt core and PNIPAM branches on their surface. The par- 
ticles are particularly useful for many biomedical applications. Indeed, the par- 
ticles have been reported to flocculate with increasing temperature together 
with the change in the light transmittance. 



CH2=CH-^^^~^CH20CCH2CH2S— 



-CHgCH- 

.Nv 



(38) 



CH2=CH-<^^^^P^CH20CCH2CH2S-- 



-CH2CH- 

NH 
6=0 



CH3 Jn 



(39) 




(40) 




(41) 



CH2=CH-<^^^^^^CH20CCH2CH2S^ 



■l 

c=o 

NH 

I 

IPr 



(42) 
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CH2=CK-^ ^ 



CH2OCCH2CH2 

o 



CH 3 
-CH 2 C— 



COOtBu I 



(43) 




(44) 



DeSimone and his co-workers have intensively studied polymerization reac- 
tions in an environmentally friendly solvent, CO 2 . In the presence of C02-philic 
silicone-based macromonomer, 45, relatively monodisperse micron-sized poly- 
mer particles were obtained by the polymerization of MMA and styrene in su- 
percritical CO 2 [123]. 



CHg 



CH3 



CH2=CCOC3H6-Si - OSi — 

II I I 

O CH 3 CH 3 



CH 3 



-C4H9 



(45) 



Sosnowski et al. [124, 125] have reported that uniform biodegradable poly- 
meric particles with diameters of less than 5 pm can be prepared by ring- 
opening dispersion polymerization of L,L-lactide in heptane-dioxane mixed 
solvent in the presence of poly(dodecyl acrylate) -g-poly(8-caprolactone), 
which were synthesized by copolymerization of dodecyl acrylate with poly(8- 
caprolactone) macromonomers, 46. It is noted that the polymer particles con- 
sist of well-defined poly(L,L-lactide) polymers with Mj^~lxlO^ and 
M^/M^-1.06. 



CH 3 



O 

II 



CH 2 =CCOCH 2 CH 2 C> 4 CH 2 CH 2 CH 2 CH 2 CH 2 COf CH 2 CH 3 



J n 



(46) 



Polyelectrolyte macromonomers 41, 44, 47 and 48 [120, 122, 126, 127] have 
been also prepared and applied to the dispersion copolymerizations to produce 
polymeric particles covered with polyelectrolyte chains. Evidently, the depend- 
ence of the conformational properties of polyelectrolyte brush chains attached 
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to the latex surface on pH, degree of neutralization, and salt concentration have 
been the subject of a growing experimental and theoretical effort. 



H2C=HC 



CH2f 



CH3 

6 -CH 2 - 

COOH 



-C(Ph]3 



(47) 



H 2 C=HC 



CHa- 



9H3 
C-CH 2 - 
COOH 



•-h-R 



R=H, CH3CH2CH(CH3)CH2C(Ph)2 



(48) 



In all instances of the dispersion polymerization, amphiphilic graft copoly- 
mers produced in a selective solvent for the branches play a crucial role. They act 
as a steric stabilizer to provide colloidal stability to the system by adsorbing or 
becoming incorporated into the surface of the newly formed, precipitated poly- 
mers. Schematically, a microsphere thus obtained by copolymerization with a 
small amount of macromonomer has a core-shell structure as given in Fig. 5, 
with the core occupied by the insoluble substrate polymer chains and the shell 
by the soluble, graft-copolymerized macromonomer chains. The backbone 
chains of the graft copolymers, which must be insoluble in the medium, serve as 
the anchors into the core. The following section presents a general criterion for 
the size control of polymeric microspheres by the dispersion copolymerization 
using macromonomers. 




Fig. 5. Schematic picture of a microsphere obtained in emulsion and dispersion copolym- 
erization using macromonomer technique. The grafted chains are exaggerated in size 
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6.2 

Mechanistic Model of Dispersion Copolymerization with Macromonomers 

According to the aggregative and coagulative nucleation mechanisms which 
have been derived originally from the homogeneous nucleation theory of Fitch 
and Tsai [128], the most important point in the reaction is the instant at which 
colloidally stabilized particles form. After this point, coagulation between sim- 
ilar-sized particles no longer occurs, and the number of particles present in the 
reaction is constant. As shown in Fig. 6, the dispersion copolymerization with 
macromonomers is considered to proceed as follows. (1) Before polymeriza- 
tion, the monomer, macromonomer, and initiator dissolve completely into the 



1 Before Polymerization : 
Homogeneous Solution 
Macromonomers (0 + 
Monomers (o) -f- Initiators (t) 
(Omitted in the Stage 2-'5) 

2 Production of Insoluble 
(Unstable) Polymers + 

Graft Copolymers 



3 Coalescence of Unstable 
Microparticles 



4 Production of Sterically 
Stabilized Particles 
(at Critical Point) 



5 Growth of Sterically 
Stabilized Particles 



Fig. 6. Schematic model for the particle nucleation and growth of sterically stabilized par- 
ticles in dispersion polymerization using macromonomer 
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solvent. (2) Accompanied by the decomposition of the initiator, linear oligom- 
ers, polymers, and graft copolymers are all produced by polymerization in the 
continuous phase. The solubility of these polymers is a function of their MW 
and the composition of the graft copolymer. Polymers with a MW larger than a 
certain critical value precipitate and begin to coagulate to form unstable parti- 
cles. (3) These particles coagulate on contact, and the coagulation among them 
continues until sterically stabilized particles form. (4) This point is referred to 
as the critical point, and it occurs when all of the particles of interest contain suf- 
ficient stabilizer polymer chains on the surface to provide colloidal stability 
[112-114]. 

After this point, particles grow both by diffusive capture of oligomers and co- 
agulation of very small yet unstable particles (nuclei, precursors) produced in 
the continuous phase and by polymerization of the monomer occluded within 
the particle. The total number of such sterically-stabilized particles remains 
constant so that their size is only a function of amount of polymers produced. 

The particle size is determined at the critical point by the amount of polymers 
produced at that point. In the discussion that follows, one uses the term 0 to de- 
scribe the fractional conversion of monomer to polymer (0^0^ 1), and 0j) to de- 
scribe the corresponding conversion of macromonomer. The weight ( W^ in g/1) 
of the monomer polymerized at any point in the reaction is defined as 

Wm = Wmo0 = (19) 

Here, W^^ is the weight of monomer in the reactants; R is the radius (cm) of 
the particle occupied by the polymer chains only, N is the total number of par- 
ticles per liter, and p is their density. 

The surface area per sterically-stabilized particle is determined by the surface 
area (S) occupied by a macromonomer chain times the number (n') of these 
chains grafted onto the surface. 

n' S = 4jt R2 (20) 



1 _ Wdq6dNa 
NMd 



( 21 ) 



Wj)o is the weight (in g/1) of macromonomer in the reactants, is 
Avogadro's number, and Mj^ is the molecular weight of the macromonomer. 
From Eqs. (19)-(21), one can obtain a universal relationship between the parti- 
cle radius and the extent of polymerization for sterically stabilized particles: 



g _ 3MdWmq0 

pNaWdqQd 



( 22 ) 



At the critical point, sterically stabilized particles are formed, and coales- 
cence between similar-sized particles is terminated. At this point one has R= 
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^crit> ^D^^Dcrif Since the particle number N remains con- 

stant after this point, both R and S, at any subsequent conversion, can be de- 
scribed by the expressions 

R = Rcrii— 1 (23a) 

\0crit/ 

S = (23b) 

^ 0 ' \ri0D/ 

where r^ is the reactivity ratio in copolymerization of monomer (M^) with mac- 
romonomer (M 2 ). At low conversion, r^ in this system is defined as 



Ti — 0cnt^0Dcrit 

According to Paine [129], computer simulations using the multibin kinetic 
model for the coalescence between the unstable moieties indicate that the parti- 
cle number (N) at the critical point is given by 



NAkp 


/2fkd[I]V 


O. 386 k 20 


1 k, ) 



(25) 



where kp is the propagation rate constant (M"^s“^), k^ is the termination rate 
constant (M“^ s"^), and k 2 is the diffusion-controlled rate constant for coales- 
cence between similar-sized particles (M"^s“^). [I] is the initiator concentration 
(mol/1), and f k^ is the product of initiator efficiency and the decomposition rate 
constant (s"^) of the initiator. From Eqs. (19) and (25), the can be written as 



0crit — 



(Rc 



^/2((4^ 



pNAkr 



\0.386k2WMO 



|l/2pfk^[I]\l/4 

I (“kH. 



Substituting Eqs. (19) and (26) into Eq. (23) yields the equations 



(26) 



R = e 




(27) 



IpNa) IriWDo/ \0.386k2i I kt I (ej 



(28) 



In Eq. (27) one sees that the radius of latex particle follows simple scaling re- 
lationships with the key parameters in the system being 0^^^, [monomer] 
[macromonomer] [initiator] where [ ]^ means initial concentration. 
These equations predict that the particle size and stabilization are determined 
by the magnitude of r^. In addition, one sees in Eq. (28) that the surface area oc- 
cupied by a stabilizer chain follows 0"^^^ in the case of azeotropic copolymeriza- 
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tion, 0=0D. This means that the chain conformation for the grafts on the latex 
particle will change with grafting density, as will be presented in Sect. 6.4. The S 
value is closely related to the conformation of a single polymer chain as a stabi- 
lizer grafted onto the surface of a latex particle. According to de Gennes' “mush- 
room” model [130] for a polymer grafted to a noninteracting surface, the poly- 
mer chain occupies a volume determined by its mean-squared radius of gyra- 
tion <S^>. When the surface becomes crowded with chains, additional energy is 
needed to deform the polymer mushrooms into brushes. When the particle sur- 
faces are covered completely with random coils of the polymer, they are also 
sterically stabilized against coagulation with other particles. One therefore de- 
fines as the maximum surface area occupied by a single polymer chain in the 
continuous phase. In this approximation one may treat the polymer chain as a 
rigid sphere composed of solvent and a random polymer chain, affixed on the 
surface of latex particle. In this case, is a cross section of the sphere and may 
be written in terms of the square radius of gyration as 

Scrit = (5/3)3t(s2) (29) 

Figure 7 shows a comparison of Eq. (27) with the particle radius obtained by 
dispersion copolymerization of styrene with PEO macromonomer 26 (m=4, n= 
45) in methanol-water medium (9/1 v/v). One sees that the experimental particle 




Wj,„(g/L) 

Fig. 7. Change of average particle radius (R) as a function of initial concentration (W^^ in 
g/1) of PEO macromonomer, 26 (m=4 and n=45). W^q^IOO g/1, [I]o=0.0122 mol/1, 0=1, at 
60 °C. A solid line is a theoretical curve calculated from Eq. (27) with S^^it/ri^lO nm^ 
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Table 4. The power law exponents in dispersion copolymerization with PEO macromono- 
mers, R=K[Monomer]^[Macromonomer]^[Initiator]‘^ 


Macromonomer 


Monomer 


Medium 


a 


b 


c 


Ref. 


theory, Eq. (27) 






0.67 


-0.50 


-0.083 




26, m=4, n=45 


Styrene 


Me0H+H20(9:l) 


0.63 


- 0.52 


-0.06g 


112 


26, m=l, 4, 7, 


BMA 


Me0H+H20(8:2) 


0.82 


-0.54 


-O.lo 


113 


n=53,110 














26,m=l,n=45 


MMA 


Me0H+H20(8:2) 


- 


-I.I7 


- 


114 


26,m=l,n=45 


MMA 


Me0H+H20(7:3) 


0.85 


-I.I5 


-0.03o 


114 


26,m=l,n=45 


MMA 


Me0H+H20(6:4) 


- 


- 0 . 5 i 


- 


114 


26,m=l,n=45 


MMA 


Me0H+H20(5:5) 


- 


1 

p 


- 


114 


27a, m=ll,n=40 


Styrene 


Et0H+H20(9:l) 


I.O2 


-0.60 


- 0 . 09 o 


115 



radius is quantitatively described by the model with reasonable constants, 0=1, 
p =1.05 gcm“^, N ^=6.02x10^^, k2=10^1 mol"^ s“\ kp=352 1 mol"^s"^ kp 
6.1x10^1 mol“^ s"^ k^=3.2xl0"^s"^ f=l, and S^j.j^/r^=10 nm^, r^=l, where 
was calculated from Eq. (29) using the value of <S^>for PEO in methanol at 
25 °C [131]. 

In the dispersion copolymerization with PEO macromonomers, the power 
law exponents in Eq. (27) have been experimentally determined and compared, 
as summarized in Table 4. Initial monomer concentration has a major influence 
on the flnal particle radius. The experimental power law exponents (0.82-1.02) 
is usually signiflcantly larger than that in Eq. (27), except for 0.63 for styrene as 
a monomer with 26 (m=4, n=45). This is likely to be due to a solvency effect of 
the monomer. The values of the exponent of macromonomer and initiator con- 
centration dependence in the polymerization of hydrophobic monomer, styrene 
and n-butyl methacrylate are in good agreement with those from Eq. (27). In re- 
markable contrast, unusually high exponent values (ca. 1.2) have been obtained 
in the dispersion copolymerization of a polar monomer, MMA in methanol-wa- 
ter (8:2 and 7:3 v/v) media. The exponent value decreases down to 0.51, when the 
water content is increased to higher than 40%. This signiflcant change in the ex- 
ponent value with the polarity of the continuous phase cannot be simply ex- 
plained by the current theory and further reflnement is needed. 



6.3 

Emulsion Polymerization 

Emulsion polymerization is a free radical initiated chain polymerization in 
which a monomer or a mixture of monomers is polymerized in aqueous solution 
of a surfactant to form a product, known as a latex. The most important feature 
of emulsion polymerization is its heterogeneity from the beginning to the end of 
the polymerization, to yield in a batch process submicron-sized polymeric par- 
ticles, often of excellent monodispersity. The main ingredients for conducting 
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the polymerization include monomer, water, surfactants, and initiators. Upon 
mixing, the surfactant molecules cluster into micelles and their hydrophobic 
cores are swollen with monomer. Their diameters are typically of the order of 
50-150 A, and their number density is of the order of lO^^-lO^^ dm“^. The bulk 
of the monomer, however, exists in the form of large-size droplets with sur- 
factant molecules adsorbed on their surfaces; their diameters are typically in the 
range of 1-10 pm, and their number density of the order of 10^-10^Mm“^. 
Therefore, the polymerization is believed to take place in the micellar phase, the 
aqueous phase, the monomer droplet phase, and the particle phase. Three major 
mechanisms have been proposed for particle formation in emulsion polymeri- 
zation - micellar, homogeneous, and droplet nucleation - depending on the sur- 
factant concentration, the monomer solubility in the aqueous phase, and the ex- 
tent of subdivision of the monomer droplets. This has been a central subject in 
the emulsion polymerization for a long time and is still a controversial issue. 

Instead of conventional surfactant molecules, amphiphilic water soluble mac- 
romonomers, especially PEO macromonomers, have been used extensively as a 
reactive emulsifier and as steric stabilizer polymer, as summarized in Table 5. 
Generally speaking, however, the mechanism for the particle nucleation in the 
emulsion polymerization systems using macromonomers has been poorly es- 
tablished when compared to the dispersion copolymerizations with macromon- 
omers as mentioned earlier. 

The first work on the emulsion copolymerization with a macromonomer has 
been reported by Ito et al. [132] for styrene using PEO macromonomer 49. Sub- 
sequently, several research groups have reported the synthesis and some prop- 
erties of latex particles containing PEO chains from 26, 27, 36, 50-52, attached 
to their particles surface [132-140]. Ottewill and Satgurunathan [134] andWest- 
by [135] reported the preparation of such particles in a multistage emulsion po- 



Table 5. Examples of emulsion copolymerization with macromonomers 



Macromonomer 


Monomer 


Ref. 


PEO, 49 


Styrene 


132 


PEO, 36 


Styrene 


133 


PEO 27b 


Styrene 


134 


PEO 27b 


Butyl acrylate 


135 


PEO 50 


Styrene 


136 


PEO 26 (m=7) 


Styrene 


137 


PEO 26(m=l, 11), 27a(m=10), 27b, 51, 52 


Styrene 


138 


PEO 27a (m=ll) 


Styrene 


139 


PEO 26(m=l,4, 7) 


Styrene 


140 


POXZ 34 


Styrene 


143 


POXZ 53 


Styrene 


144 


POXZ 54 


Styrene 


145 


POXZ 55 


Vinyl acetate 


146 


PMA 48 


Styrene 


127 
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lymerization process in which PEO macromonomer 27b was introduced in the 
final stage. These latexes were extremely stable to the addition of electrolyte and 
to the freeze-thaw [141]. Winnik et al. [142] have examined the infiuence of such 
surface grafted PEO chains on the latex film formation of PBMA latex particles 
by using nonradiative energy transfer method. 

CHs 

C12H25O 4 "CH 2 CH 2 o|— CC=CH p 
L JnA 



CH3 

CH3o]-CH2CH2o1— CNHCH2CH20CC=CH2 

L Jn II II 

o o 



(50) 



u 

r 



C0-1-CH2CH20ACH3 



V C 0 -(-CH 2 CH 20 -y CHg 



CH3-[-OCH2CH2|p^O(CH2>^OCH2- <^— CH=CH2 



(51) 



(52) 



Kobayashi et al. [143-146] have synthesized several types of amphiphilic po- 
ly(2-oxazoline), 34 and its block cooligomers, 53-55, and applied them to soap- 
free emulsion copolymerization of styrene and vinyl acetate to produce mono- 
disperse, submicron-sized latex particles. They found that the particle size sig- 
nificantly depended on the type of macromonomer used and generally de- 
creased with increasing the macromonomer concentration. 



CH2=CK- 






H2 



-NCH 2 CH 2 - 


— 


-NCH 2 CH 2 - 


h=o 

1 




t=0 

1 


-Bu 


m 


-Me 


--NCH 2 CH 2 - 





-NCH 2 CH 2 - 


t=0 

1 




t=0 

1 


-Bu 


m 


-Me 



N^EtgTsO' 



(53) 



(54) 



>"rl 



-NCH 2 CH 2 - 


— 


-NCH 2 CH 2 -- 


t=0 

1 




t=0 

1 


-Bu 


m 


-Me 



(55) 



The latex particle diameter produced in the emulsion copolymerization of 
styrene with partially neutralized poly(methacrylic acid) macromonomers, 48, 
was studied as a function of degree of neutralization [127]. The latex particle 
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size was found to increase with increasing the neutralization of the polyelectro- 
lyte macromonomers. 

The rate of polymerization, Rp, in the emulsion polymerization is generally 
given by the equation 



Rp = n N kp[M]p/NA (30) 

where n is the average number of radicals per particle, N the number of latex 
particles per unit volume, and [M]p, the equilibrium concentration of the mon- 
omer swelling the latex particle. According to the Smith-Ewart theory [147], in 
which the main locus for particle nucleation is assumed to take place in the sur- 
factant micelles, the number of particles is given as 

N = k(p'/|a)0'^as Csf^ (31) 

where p' is the rate of radical generation, p is the rate of particle volume growth, 
ag is the area occupied by a surfactant molecule, and Cg is the total amount of 
surfactant in the micelles. Gardon [148, 149] thoroughly reviewed and con- 
firmed the assumptions of Smith-Ewart theory and derived the more convenient 
equation for numerical calculation: 

N = 0.208 (p'lKf-^asCsf-^ (32) 

where p'=2NAkdf[I], Cs=NA([CJ-[cmc]), and K=[(3/4jr)(kp/NA)(d^/dp)(|)jjj]/(l- 
^m) the monomer and polymer density, dj^, dp, and the volume fraction of 
monomers swelling the particles at equilibrium, These equations have been 
well established to hold for the conventional emulsion polymerization of hydro- 
phobic, water insoluble monomers such as styrene. Therefore, when one as- 
sumes that micellar entry dominates the particle nucleation in the emulsion co- 
polymerization of styrene with a macromonomer, N may be written by the fol- 
lowing power law relationship: 

N oc [I]^-^Macromonomer]^-^ (33) 

Sauer and coworkers [138] obtained N®c [I]®-^^[Macromonomer]"®-^'^"^^-^^ in 
the styrene emulsion copolymerization with various types of PEO macromono- 
mers, 26, 27, 51, and 52. On the other hand, it has been found that using a PEO 
macromonomer, 26 (m=l, 4, 7), with a relatively short PEO chain (n=16), 
[Macromonomer] while using a macromonomer with a moderately long PEO 
chain (n=45),Noc [Macromonomer] [140]. A mechanistic model for the emul- 
sion copolymerization using amphiphilic macromonomers is under study [140] 
in which both micellar and homogeneous nucleations by homo- and copolym- 
erization with macromonomer in the continuous phase are considered. 

Another interesting heterogeneous polymerization using macromonomers is 
a microemulsion copolymerization to produce particles 10-100 nm in diameter. 
Gan and coworkers [150] have prepared transparent nanostructured polymeric 
materials by direct polymerization of bicontinuous microemulsions consisting 
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of MMA, HEMA, water, ethylene glycol dimethacrylate, and PEO macromono- 
mers, 27a (m=ll, n=40). The transparent polymeric materials with pore sizes 
from about 1 to 10 nm in diameter have been obtained. 



6.4 

Chain Conformation of Grafted Polymer Chains at Interfaces 

Polymer adsorption has been a subject of both theoretical and experimental in- 
terest, because the adsorption behavior of polymer at solid-liquid interface is 
strongly connected with many technologically important processes such as floc- 
culation, adhesion, coating, and lubrication in addition to the colloidal stabili- 
zation already discussed above. This subject has been recently reviewed by Cos- 
grove and Griffiths [151], Fleer et al. [152], and Kawaguchi and Takahashi [153]. 
Among a variety of adsorption forms of the polymers, two are of interest with 
macromonomers. One is the adsorption of comb and graft copolymers with 
highly grafted chain density onto the solid surface, which is referred to as “brush 
adsorption”, as illustrated in Fig. 8a. Another is the attachment by the chemical 
reaction of the double bond of the macromonomer with the solid surface, which 
is referred to as “terminally-attached adsorption”, as illustrated in Fig. 8b. The 
conformational properties of these grafted polymer chains have been a subject 
of growing attention, from the point of view of the “mushroom-brush” transition 
proposed by de Gennes [130, 154] and Alexander [155], as shown in Fig. 8c. 

While there have been many studies on the conformational properties of ter- 
minally-attached polymer chains, prepared either by adsorption of block copol- 
ymers in a selective solvent onto a solid surface [156] or by a reaction of a solid 
surface with reactive groups of polymer [157], little has been reported for the 
graft copolymer chains prepared from macromonomers. Cairns et al. [158] car- 
ried out a SANS study of a non-aqueous dispersion system comprised of deuter- 
ated PMMA latex grafted with poly(12-hydroxystearic acid), 32 The thickness of 
the layer was found to correspond to about 2/3 of the extended chain length. 
Comb-like PEO polymers were grafted onto low density PE sheets by corona dis- 
charge treatment followed by homopolymerization of PEO macromonomers, 
27b (n=l, 5, and 10) and the gradient PEO concentration at the surface was char- 
acterized by measurement of the water contact angle, FTIR-ATR, and ESCA 

[159] . The gradient surfaces can be used to investigate the interactions between 
biological species and the surface PEO chains. Hadziioannou and coworkers 

[160] prepared terminally attached cationic polyelectrolyte brushes on a gold- 
coated Si-wafer by end-grafting styryl-terminated poly(vinylpyridine) mac- 
romonomer, followed by quanternization with methyl iodide. The surface was 
characterized by means of scanning force microscopy, ellipsometry, and FTIR- 
ATR. 

Wu et al. [161] studied the surface properties of PS and PMMA microspheres 
stabilized by PEO macromonomer, 26 (m=l) and 27b using dynamic light scat- 
tering and claimed that for PMMA microspheres the surface area occupied by a 
PEO molecule is nearly twice as large as that for PS microspheres, assuming that 
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(c) Mushroom-brush transition 





D » D = 




Fig. 8. Schematic representation of the possible conformations of adsorbed (co)polymers 
prepared using macromonomer technique: a brush adsorption of graft copolymer; b termi- 
nally-attached adsorption; c the mushroom-brush transition for strongly overlapping 
chains proposed by de Gennes [130] and Alexander [155] 



100% macromonomer is copolymerized to attach onto their latex surface. How- 
ever, this is not the case for styrene copolymerization with PEO macromono- 
mers in which only 10% PEO macromonomer was copolymerized [112]. In con- 
trast, it was confirmed that 100% of PEO macromonomers were copolymerized 
for the MM A and BMA dispersion copolymerization [113, 114]. 

NMR studies have been carried out for the dispersion copolymerization of 
BMA with PEO macromonomer, 26 (m=7), in a deuterated methanol-water me- 
dium [162]. The fractional composition and surface grafted PEO concentration 
were monitored as the function of conversion and particle size. In Fig. 9, the mo- 
bile fraction fj^ of PEO chains incorporated into the particles is plotted against 
interchain spacing D as shown in Fig. 8c, which can be calculated using the val- 
ues of particle size and conversions. One sees that the values of fj^ increase 
sharply with decreasing D in the region of D below 1.6 nm and become constant 
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Fig. 9. Plots of mobile fraction(4i) of surface anchored PEO chains against the estimated 
mean separation D between PEO anchor points on the surface of the particles. The D values 
were calculated from the particle size and number, assuming that all PEO chains were lo- 
cated at the surface 



below D=1.4 nm. The radius of gyration of the PEO chain coil in methanol is cal- 
culated to be 1.6 nm, which corresponds to the D value at which the sharp in- 
crease in fjyj occurs. This result may suggest that the onset of a pancake-to-brush 
transition of grafted chains at the interface occurs when D~ as was ex- 

pected from theory [130, 154, 155]. This kind of subject is of importance for a 
better understanding of the true nature of the steric stabilization existing in 
many dispersion systems. With these guidelines, the macromonomer technique 
will be used extensively to construct model colloidal systems. 

7 

Conclusions and Future 

A number of well-defined macromonomers differing in the types of the mono- 
mer and the end functionality have been made available in these two decades. 
Their polymerization and copolymerization have provided a relatively easy ac- 
cess to a variety of branched polymers and copolymers, including comb-, star-, 
brush-, and graft-structures. Progress will no doubt continue to disclose further 
different types of macromonomers and branched polymers. 

Radical homopolymerization and copolymerization of macromonomers are 
fairly well understood and reveal their characteristic behaviors that have to be 
compared with those of conventional monomers. A detailed mechanism of the 
polymer-polymer reactions involved, however, appears still to be an issue. Ionic 
or, desirably, living polymerization and copolymerization are still an important 
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subject because these methods can provide branched polymers with backbones 
that are also well-defined in terms of the length, the composition, and their dis- 
tribution. 

Characterization of the poly(macromonomers) prepared by homopolymeri- 
zation has proved that they provide a useful probe for discussing the structural 
characteristics of the star and brush polymers. Graft copolymers have been and 
will be a most important area of application of the macromonomer technique 
since a variety of multi-phased and microphase-separated systems can easily be 
designed just by an appropriate combination of a macromonomer and a conven- 
tional monomer. In general, however, characterization of their absolute MW, 
branch/backbone composition as well as their distributions remain to be stud- 
ied in more detail. 

Amphiphilic macromonomers work effectively as reactive (copolymerizable) 
emulsifiers and dispersants for heterogeneous polymerizations. They are suc- 
cessfully applied to the design of the polymeric microspheres of submicron to 
micron size. Introduction of additional functions, such as environment-sensi- 
tivity, will be a matter of interest in the potential application of the macromon- 
omer technique. 
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Abstract. The synthesis and study of dendrimers has been truly dramatic in the last ten 
years. This review gives a brief introduction to some of the key concepts and main synthetic 
strategies in dendrimer chemistry. The focus of the chapter is a survey of modern analytical 
techniques and physical characterization of dendrimers. Results of model calculations and 
experiments probing the dimensions and conformation of dendrimers are reviewed. In the 
final sections the experimental work on dendrimer-polymer hybrids is highlighted. The 
dense spherical conformation of dendrimers has been combined with the loose random- 
coil conformation of ordinary polymers to form new hybrids with potentially interesting 
new properties. 

Keywords. Dendrimer, Dendrimer-polymer hybrid. Conformation, Branched polymers 
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List of Abbreviations and Symbois 


ATRP 


atom transfer radical polymerization 


D 


Dalton 


DAB 


diaminobutane based poly(propylene imine) dendrimer 


DNA 


deoxyribonucleic acid 


Do 


translational diffusion coefficient at zero concentration 


DP 


degree of polymerization 


DSM 


Dutch State Mines 


ESI-MS 


electron spray ionization mass spectrometry 


FAB-MS 


fast ion bombardment mass spectroscopy 


lUPAC 


International Union of Pure and Applied Chemistry 


MALDI-TOF 


matrix-assisted laser desorption/ionization time-of-fiight 
spectroscopy 


MALLS 


multiple angle laser light scattering 


Mn 


number- average molecular weight 


mRNA 


messenger ribonucleic acid 


Mw 


weight-average molecular weight 


MW 


molecular weight 


MWD 


molecular weight distribution 


n 


number of segments 


NMR 


nuclear magnetic resonance 


Pam 


phenylacetamidomethyl 


PAMAM 


poly(amidoamine) dendrimer 


PBd 


polybutadiene 


PEG 


poly(ethylene glycol) 


PEG 


poly(ethylene oxide) 


PI 


polyisoprene 


PPE 


poly(2,6-dimethylphenylene ether) 


PS 


polystyrene 


q 


scattering vector 
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Rg radius of gyration 

R hydrodynamic radius from intrinsic viscosity 

Rh hydrodynanic radius from translational diffusion coefficient 

SEC size exclusion chromatography 

TEMPO 2,2,6,6-tetramethylpiperidine oxide 

Vg elution volume 

[ ] intrinsic viscosity 

scattering angle 
wavelength of radiation 
scaling exponent 

^ chromatographic dispersion due to the instrument 

^ chromatographic dispersion due to sample polydispersity 

^ total chromatographic dispersion 

1 

Introduction 



1.1 

Dendritic Architecture 

Dendrimers are molecules with regularly placed branched repeat units. They are 
also known as Starburst, Cascade or Arborols. These names describe aspects of 
their molecular architecture. Dendrimers consist of different parts (see Fig. 1). 
Each dendrimer has a core or focal point. The core is the central unit of the den- 
drimer and can formally be regarded as the center of symmetry for the entire 
molecule. The core has its characteristic branching functionality, i.e. the 
number of chemical bond by which it is connected to the rest of the molecule 
(Fig. la). The focal point plays the same role as the core. Moreover, it has a chem- 
ical functional group not found elsewhere in the dendrimer. 

Attached to the core or focal point is a first layer of branched repeat units or 
monomers (Fig. lb). This layer is alternatively considered to be the zeroed or 
first generation of the dendrimer. Each successive generation is end-standingly 
placed onto the previous generation (Fig. Ic). Each generation usually but not 
necessarily contains the same branched repeat units. The process of growth is 
extendable to several more generations. Because of the multifunctionality of 
each repeat unit, the number of segments in each generation grows exponential- 
ly. The end-standing groups of the outermost generation are called peripheral or 
terminal groups. 

The description of dendrimers as outlined suggests that there is a fixed spa- 
cial arrangement in dendrimers whereby the core or focal group forms the cent- 
er, successive generations radiate outwardly, and end-groups of the outermost 
generation form an outer surface. This is only partly true. A dendrimer is indeed 
a framework of chemical bonds and bond angles between atoms that vary little; 
however, the torsion angles about the bonds allow for a wide range of confor- 
mations and numerous dynamic transitions between them. Therefore, the core 
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core 



a 



focal point — Y 




core 




X X 



X 



b focal point — Y 





Fig. la-c. Schematic representation of the different parts of a dendrimer; -< stands for the 
repeat branching unit (monomer); X are end- standing (terminal) functional groups; Y is 
the functional group of the focal point: a core or focal point; b generation one dendrimer or 
dendron; c generation two homologues. The branching functionality of the core is four 
while the branching functionality of the monomer is three 



is not necessarily the physical center of the dendrimer nor are the end groups 
necessarily permanently located at the periphery of the dendrimer. 

The steady branching pattern of the dendrimer architecture is paralleled by 
an exponential increase of the molecular mass with each successively added gen- 
eration. Dendrimers with more than a few generations have molecular weights 
that resemble those of step-growth polymers (10^-10^ D). For that reason and 
for the presence of an identifiable (branched) repeat unit, higher generation 
dendrimers are considered polymeric molecules. 



1.2 

Synthetic Highlights 

Retro synthetic analysis [1] of the generic dendritic structure (1) suggests two 
possible solutions for the synthesis of dendrimers (see Fig. 2). A first disconnec- 
tion along Path A leads to generation n-1 dendrimer (2) and the branching mon- 
omer synthon (3). This rationale can be successively applied until the problem 
is reduced to the reaction of a core synthetic equivalent (4) with the branching 
monomer (3). Alternatively, along Path B, synthon (4) can react with the 
branched dendron (5) to provide the target dendrimer (1). After further iterative 
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Fig. 2. Retrosynthetic analysis for the dendritic structures; FG, FP and X, Y are respectively 
interconvertible functional groups; Path A is the divergent synthesis; Path B is the conver- 
gent synthesis; stands for the core structure; stands for the branching repeat unit 
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DAB(CN)4 

Scheme 1 



poly(propylene imines) 




DAB(NH2)4 



disconnection of (5), the problem is reduced in this case to the reaction of the 
focal point synthon (6) and the branching monomer (3). 

Path A, the divergent method, was introduced by Vogtle et al. [2] and exten- 
sively applied by Tomalia and his coworkers at Dow [3]. Working on an inside- 
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Scheme 2 
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CO-NH 



NX2 



out scheme starting from the core and proceeding to the periphery, Vogtle syn- 
thesized poly(alkylene imine)s by means of two alternating reactions [2]: (1) the 
Michael addition of a primary amino group to acrylonitrile, (2) the hydrogena- 
tion of the nitrile group to regenerate the amino group (Scheme 1). The primary 
amines are now available for a new cycle of Michael addition and hydrogenation. 
The overall yield was originally limited by the poor yield of the hydrogenation 
step. Improved hydrogenation methods have been found later independently by 
Worner and Miilhaupt [4] and workers at DSM [5, 6]. This made the large scale 
synthesis of poly(propylene imine)s possible. The DSM dendrimers AS- 
TRAMOL are based on the 1,4-diaminobutane core and are available to genera- 
tion 5 which contains 64 primary amine groups (see Scheme 1). 

Other commercially available dendrimers containing nitrogen branching 
points were introduced by Tomalia at Dow and Dendritech. They are based on 
the Michael addition of primary amines to methyl acrylate followed by aminol- 
ysis of the ester function with excess ethylene diamine [3] (see Scheme 2). The 
resulting dendrimers are poly(amidoamine)s (PAMAM) and have been pre- 
pared to the 10th generation. Details of the reaction conditions and limitations 
brought about by side reactions have been given [7]. Dendrimers with carbon 
branch points are more difficult to prepare. They have been synthesized and are 
known as “Arborols” [8]. 

Path B in Fig. 2 is the convergent method. It is the outside-inward method, 
proposed independently by Miller and Neenan [9] and by Hawker and Frechet 
[10]. This method is well suited when the branch point is an aromatic ring. As 
an example of the convergent process we show in Scheme 3 the preparation of 
poly(benzyl ether) dendrimers. The phenol functionality of 2,5-dihydroxyben- 
zyl alcohol is first protected by Williamson reaction with benzyl bromide to pro- 
vide the first generation dendron [G-l]-OH. The benzyl alcohol in [G-l]-OH is 
then converted to the benzyl bromide form [G-1]-Br. This in turn reacts with 
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Scheme 3 



2,5-dihydroxybenzyl alcohol to yield [G-2]-OH. Scheme 3 illustrates also the 
synthesis of the generation-3 dendrimer from a generation-3 dendron in a self- 
explanatory pictorial manner. 

The advantages of the convergent method over the divergent method are that 
each generation requires limited (usually two) reactions per molecule. Further- 
more, unreacted material is easily separable because it is substantially different 
in molecular weight from the product. As a consequence, organic reactions pro- 
ducing lower yields ( 90%) can be tolerated in convergent synthesis. In contrast, 
the divergent synthesis involves an increasing number of identical reactions per 
molecule and requires high yield (>99%) reactions in order to minimize imper- 
fect products that are practically unseparable. The main disadvantage of the 
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Scheme 4 



convergent method lies in the decrease of the reactivity of the focal group which 
is present at decreasingly lower concentration for higher generation dendrons. 
Sixth generation dendrons have been prepared and coupled with a trifunctional 
core to generate a dendrimer of 40,000 D [10]. 

The convergent method lends itself to accelerated growth. Frechet et al. have 
shown how a dendrimer with n end-standing functional groups can be used as 
a core for reaction with n convergent dendrons each containing a reactive focal 
group [11]. These are dendrimer-dendron reactions (Scheme 4). In this manner, 
intermediate generations can be bypassed for an overall gain in time and yield. 
Moreover, the double growth process allows the formation of radial block den- 
drimers in one step because the core dendrimer and the peripheral dendrimer 
can be of different chemical composition [11-13]. The limits of the double 
growth process have been explored for the poly(benzyl ether) dendrimers [14, 
15]. The results suggest that growth is not affected by steric crowding up to the 
fifth generation. The double growth process has also been applied to the synthe- 
sis of chiral dendrimers [16] and poly(phenylacetylene) dendrimer [17], as will 
be discussed in Sect. 2.2. 

This review does not attempt an exhaustive survey of the progress in the syn- 
thetic chemistry of dendrimers. A number of reviews have already been dedicat- 
ed to this rapidly expanding subject [18-30]. 
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The nomenclature according to lUPAC rules has proven particularly un- 
wieldy in the case of dendrimers. Several proposals have been made [25]. The 
major classes of dendrimers described here are represented in Schemes 1-4 in 
short-hand form. Other particular dendritic structures will be characterized by 
reaction schemes or by their branch unit in the text. 

2 

Analysis of Dendrimers 
2.1 

NMR Analysis 

All standard analytical techniques of organic chemistry are applicable to den- 
drimers. Of these, NMR spectroscopy is the most powerful for the analysis of low 
MW dendrimers. However, as with polymers in general, the high molecular 
weight of dendrimers and the similar composition of all dendritic segments of- 
ten make it difficult to detect small quantities of irregularities in the dendrimer 
structure. 

Small chemical shift differences between the core or focal group, the interior 
spacers and the terminal groups are usually observed in the and NMR 
spectra of dendrimers and these can be used for analysis of low generation den- 
drimers. As the number of generations increases, signals of the core or focal 
group become relatively weak and the ratio of signals from the interior spacers 
and terminal groups reaches an asymptotic limit (usually 1.0) that does not al- 
low accurate quantification of structural imperfections [7, 10,31] In some cases, 
it has been possible to observe distinct NMR signals for similar atoms belonging 
to different generations. For example, four different ^^Si resonances are ob- 
served in some carbosilane dendrimers [32] and five distinct ^^N resonances are 
reported in DAB (CN) 32 . See Scheme 1 for related structure. In the latter case, in- 
tensities of the resonances qualitatively match the theoretical ratio of the 
number of nitrogen atoms in each shell [33]. 



2.2 

Mass Spectrometry 

Various modern mass spectrometric methods have been applied to the analysis 
of dendrimers. The earliest publication describes fast ion bombardment mass 
spectrometry (FAB-MS) on polyether dendrimers derived from pentaerythrytol 
[31] (Scheme 5). The first generation dendrimer containing 12 hydroxyl groups 
yields the expected molecular ion (M-l-H'^=608 D) and a peak at 490 D identified 
as the parent dendrimer minus one -CH2C(CH20H)3 group. The impurity could 
not be quantified. The second generation dendrimer with 36 hydroxyl groups 
shows the 2025 D parent peak with no low MW impurities observable in the 
noise. However, SEC of this generation shows a high molecular weight shoulder 
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that might not be detected by FAB-MS. The third generation dendrimer could 
not be analyzed by this method. 

A PAMAM dendrimer of generation four was analyzed by electron spray ion- 
ization mass spectrometry (ESI-MS) with detection in the 600-1600 D range 
[34]. Multiple charged ions with -1-7 to +11 are observed. After deconvolution 
two groups of species are recognized. The first group consists of the expected 
parent peak at 10632 D and six species with MW fitting the relation 10,632- 
n 114 with n=l to 6. These are recognized as compounds missing from 1 to 6 
CH2=CHC0NHCH2CH2NH2 groups out of a total 48 possible terminal groups 
due to incomplete Michael addition (see Scheme 6). Another series of com- 
pounds with MW= 10,632-n 60 is due to the formation of cyclic structure in the 
amidation step leading to 1 to 6 cyclic groups in the outer shell. If it is assumed 
that the mass spectrometric intensities are proportional to the number of mole- 
cules then this fourth generation dendrimer sample contains only about 8% per- 
fect dendrimers and 92% of the dendrimers are deficient in from one to ten ter- 
minal amine functional groups. The authors calculated that this molecular mass 
distribution is representative of an overall yield of 97.5% in the combined two- 
step reaction to form each generation. A more detailed study of the side reac- 
tions leading to these defects was made on lower generation dendrimers by 
chemical ionization mass spectrometry [7]. Schwartz et al. have advanced the 
analysis of PAMAM dendrimers by ESI-MS to the tenth generation [35]. Spectra 
up to generation four have clearly resolved multiple ion bands. For higher gen- 
eration dendrimers species with different molecular weight and charge number 
form one envelope which cannot be deconvoluted. A comparison of m/z values 
with the theoretical MW indicates that the charge (z) on the dendrimer increases 
with the size of the dendrimer. 
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A complete ESI-MS analysis of generations 1-5 has allowed one to determine 
quantitatively the extent of the two possible defect introducing reactions in DAB 
dendrimers [36] (see Scheme 1). The Michael addition is on average 99% com- 
plete. During hydrogenation 0.5% of end groups form rings. As a consequence, 
the fifth generation DAB(NH 2)64 contains 23% pure compound. The remainder 
are known impurities lacking one or more end groups. It should be noted that 
all these impurities do not increase the polydispersity of the dendrimer beyond 
Mw/Mn= 1.001. An ESI-MS has also been coupled to the outlet of a capillary elec- 
trophoresis instrument allowing the mass identification of different elution 
peaks. When applied to DAB(CN)g different isomers of defective compounds 
can be identified [37]. ESI-MS was also used to study a polystyrene-DAB (NH 2 )g 
hybrid. The series of peaks corresponding to charge z=+4 displayed a spacing 
equal to 26, characteristic of the styrene unit. Other smaller peaks may be due to 
dendrimer imperfections or fragmentation [38]. 

Matrix-assisted laser desorption/ionization time-of-fiight mass spectrometry 
MALDI-TOF appears the newest technique particularly suitable for the study of 
oligomers and dendrimers because, under appropriate conditions, the parent 
peak is obtained uncontaminated by fragmentation species. However, in some 
cases supramolecular clusters have been observed which could be misinterpre- 
tated as dimers and higher multiplets [ 13] . The molecular weight range available 
reaches 50,000 D with a potential resolution between 0.01 and 0.05%. 

Polyesters dendrimers obtained by the divergent method by means of 1,3-di- 
cyclohexylcarbodiimide esterification and catalytic hydrogenation to remove 
the benzylic protecting group gave essentially the parent molecule peak with a 
width at half height of 4-8 D [39]. The highest MW observed is 5147 D. SEC data 
corroborated the MALDI-TOF results with Mw/Mn values between 1.005 and 
1.007 for dendrimers with benzyl terminal groups and 1.007 to 1.017 for den- 
drimers with hydroxyl terminal groups. 

MALDI-TOF data have been obtained on a sixth generation poly(benzyl 
ether) dendrimer containing 64 perdeuterobenzyl terminal groups [40] (see 
Scheme 3). The correct molecular species (M-l-K'^= 13,965 D) with a width at half 
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Fig.3a,b. Other classes of dendrimers: a carbosilane; b poly( , -L-lysine) 



height of about 100 D is observed together with an impurity (20%) at about 
13,100 D possibly due to acid hydrolysis of a benzyl ether linkage. MALDI-TOF 
spectra provide clear proof of the superior quality of dendrimers made by the 
convergent method. 

The MALDI-TOF spectrum of [G-3] poly(benzyl ether) dendrimer-po- 
ly(ethylene glycol) triblock copolymer shows a broad band of peaks between 
4300 and 6100 D with resolution of the individual ethyleneoxide (44 D) units. 
The MALDI-TOF spectrum of a [G-3] dendrimer with two polystyrene blocks 
(molecular peak=8073 D) shows material with 6000-11,000 D and a broad 
band corresponding to material with 2 M-l-Ag+. SEC can be used to prove that 
the latter species is indeed an artifact of the mass spectroscopic method. The 
authors claim almost exact agreement between the polydispersities derived 
from MALDI-TOF and SEC [40]. This does, however, not leave any room for the 
unavoidable column spreading in the latter method. Furthermore, anionically 
prepared low MW polymers have a minimum polydispersity given by 
(1 -hI/DP) [41]. 
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Frey and coworkers critically discuss MALDI-TOF spectra of carefully chro- 
matographed G2 and G3 poly(carbosilane) dendrimers with 36 and 108 termi- 
nal allyl groups [42] (see Fig. 3a for related structure). They quoted these sam- 
ples to have apparent MW distributions in the range of 1.05 to 1.06 by SEC. The 
G2 sample has two main peaks with MWs for dendrimers with 36 and 34 allyl 
end groups, respectively. The peak intensities indicate that 80% of the parent 
G1 dendrimer is completely hydrosilylated and that the remaining 20% is hy- 
drosilylated 11 out of 12 times. This is equivalent to a 98.3% reaction yield. In 
the case of the G3 dendrimer a wider range of dendritic species is observed. 
The most abundant species has 106 allyl end groups (35 out of 36 allyl group 
are hydrosilylated) but species with 100 to 108 allyl groups are also present. A 
dendrimer with 100 allyl groups is the product of 32 out of 36 hydrosilylations 
and it contains 4 allyl groups belonging to the G2 shell. Nevertheless, from a 
polymer perspective, these samples are very monodisperse, Mw/Mn being of 
the order of 1.01. The allyl groups in the carbosilane dendrimers have also 
been converted to primary alcohols via hydroboration oxidation. In the MAL- 
DI-TOF spectra of the hydroxylated G2 compound traces of lower MW mate- 
rial together with the main 36 and 34 hydroxyl containing dendrimers are ob- 
served. In the case of the hydroxylated G3 dendrimer the MALDI-TOF spec- 
trum almost completely reflects the MW pattern of the parent allylic G3 den- 
drimer. 

Recently, MALDI-TOF results on poly(aryl ether) dendrimers allowed the de- 
tection of a small impurity characterized by an extra -C5H4S- group (108 D) and 
confirmed upon oxidation by a small extra species with a -C6H4SO2- group 
(140 D) in the sulfone form [43]. Two impurities are detected in the third gener- 
ation dendrimer with one and two extra -C5H4S- groups, respectively. However, 
it was not possible to quantify the amount of these defects. Fourth generation 
dendrimers (18,212 D) could not be analyzed by the MALDI-TOF method. 

Finally, the MALDI technique was used for the characterization of poly(phe- 
nylacetylene) [ 17] . These dendrimers were synthesized through a double growth 
process (Scheme 7). The most advanced application involved the reaction of a 
third generation dendrimer with 16 reactive terminal groups (G-3-16) with a 
third generation dendron. The aim was to skip directly to the sixth generation 
dendrimer (G-6-256) with 256 end groups. The reaction occurred in 86% yield 
after optimization of the conditions. MALDI-TOF analysis revealed the major 
compound to be the desired dendrimer contaminated only with a small amount 
of a compound having 16 fewer end-groups. Chemical ionization, infra-red laser 
desorption proved the superior method for generation 0 to 2 dendrimers with 
MW up to 3631. MALDI-TOF is more successful with generation 3 and 4. In all 
MALDI spectra dendrimer dimers and sometimes dendrimer trimers are ob- 
served, despite very low sample to matrix ratios. The spectra are also somewhat 
complicated by partial fragmentation of these dendrimers during the analytical 
process [44,45]. 

New reports indicate that MALDI-TOF is beginning to be used on a routine 
basis (like NMR) to monitor the synthesis and modification of each batch of den- 




192 



J. Roovers, B. Comanita 




drimers [13, 46]. Hopefully, a comparison of the analytical capabilities of mass 
spectrometric methods and SEC will be attempted. The least such a comparison 
will accomplish is to provide for an absolute method to evaluate the effect of col- 
umn spreading in the determination of MW distributions (MWD) by SEC. 
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2.3 

Size Exclusion Chromatography 

SEC by itself is not an absolute MW determination method but the analysis of 
the elution peak has been used extensively for estimating the molecular purity 
of dendrimers. If the shape of the elution peak of a size exclusion chromatogra- 
phy experiment is Gaussian, the total dispersion, ^ of the curve is given by the 
sum of squares [47]: 

( t)'=( c)'+a( d)' (1) 

where ( is the sum of the squares of dispersions due to the injector, column 
spreading and detector, d is the dispersion due to the polydispersity of the sam- 
ple, and a is the experimental slope of the calibration of the elution volume, 
against MW 

Ve=B-a In MW (2) 

( d)^=ln(Mw/Mn). Mw/Mn is a measure of polydispersity of the sample. Since 
experimentally ^ has almost always been substituted for d> SEC has rarely giv- 
en the true MW distribution, the deviation being larger the narrower the MWD 
of the sample. This is especially the case for near-monomolecular dendrimers. 
Methods have been described for obtaining the true MW distribution of narrow 
MWD polymers by SEC [47]. Furthermore, when the calibration is performed 
with a set of linear polymers, it can only be used directly with the same type of 
linear polymers. When other polymers are analyzed, the principle of universal 
calibration is invoked. 

V,=B'-a'ln[ ]M (3) 

Analysis of polydispersity can still be made but only when the exponent in the 
Mark-Houwink relation [ ]=KM^ is identical for the calibrating polymer and 
the new polymer. As will be shown in the next section this is clearly not the case 
for highly branched dendrimers. The validity of the universal calibration prin- 
ciple for dendrimers has been questioned [48]. SEC analysis with multiple de- 
tectors, especially with a low angle laser light scattering detector, obviously re- 
moves many of these objections. The results of such experiments [48] will be de- 
scribed in the next section. SEC does not have the capability for analyzing small 
defects in a dendrimer sample. However, it is a quick method for quantifying the 
monomer-dimer and higher multiple content. 
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3 

Conformation of Dendrimers 



3.1 

Theoretical Models 

The first model for the conformation of a dendrimer was proposed by de Gennes 
and Hervet [49]. It is based on a modified Edwards self-consistent field for den- 
drimers with large linear segments between consecutive branch points in a good 
solvent. It places the spacers of consecutive generations in concentric shells. The 
segment density is rather low in the center and increases parabolically (accord- 
ing to r^,r being the distance from the center) to a generation for which the seg- 
ment density approaches unity. As a consequence, the radius of dendrimers, R, 
increases according to up to the steric saturation generation. The radius of 
incomplete dendrimers grown beyond this generation increases according to 
i.e., like constant density objects. This model is related to the Maciejew- 
ski box [50] and may have merit when phase separation forces the end-standing 
groups to lie on the surface of the dendrimer or in case the spacers are stiff and 
cannot fold back. 

Simulations and models developed more recently for dendrimers with fiexi- 
ble spacers provides a quite different picture. Generally, the segment density de- 
creases from the center of the dendrimer to zero at the surface [51-54]. In par- 
ticular, some studies suggest a small minimum in the segment density near the 
core [52], others show evidence for an extended plateau region of near constant 
segment density [52, 54]. The end-standing groups are found throughout the en- 
tire dendrimer volume [52, 54] as a result of backfolding of the spacers, although 
most of them are found in the large volume near the dendrimer surface. Seg- 
ments of lower generation spacers are more localized in the interior of the den- 
drimer [54] and have a stretched conformation [53]. 

The dependence of the radius of gyration, Rg, on the mass of the dendrimer 
is complex. For small generation dendrimers the exponent in 

Rg~M (4) 

is 0.5 [51], 0.4 [52], and 0.5 [53]. For high generation dendrimers the limiting 
value for is 0.22 [51], 0.24 [52], 0.20 [53], and 0.3 [54]. The latter exponents are 
comparable with =0.25 for randomly branched polymers [55, 56] . There is gen- 
eral agreement on the increasing sphericity of dendrimers as the number of gen- 
erations increases [57] and on a limited overlap of different dendrons inside the 
dendrimer volume [54, 58]. Based on a calculation of the intrinsic viscosity of 
model dendrimers, Mansfield and Klushin concluded that the hydrodynamic ra- 
dius, R , of low generation dendrimers is smaller than Rg but that the reverse is 
true for high generation dendrimers [59]. 

The variation of the size of the dendrimer with the number of segments, n, be- 
tween two branch points, at constant architecture (generation), has been consid- 
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ered. Lescanec and Muthukumar found Rg~n®-^ [51]. Others have established 
that the good solvent limit for dendrimers and linear polymers is the same, i.e., 
Rg~n^/5 [60,61]. 

Many of these conclusions on the conformation of dendrimers are in qualita- 
tive agreement with the known behavior of other types of branched polymers. 
For example, the preferred stretching of the lower generation segments in a den- 
drimer is comparable to the increased expansion of the interior segments of star 
polymers with many arms [62, 63], and with the preferential expansion of the 
backbone segments in comb polymers. The limited overlap of dendrons is com- 
parable with the limited long range interaction of the two halves of a linear pol- 
ymer in a good solvent or of the different blocks in a block copolymer. The ratio 
R /Rg<l predicted for low generation dendrimers is the ratio found in linear 
polymers and star polymers with few arms [64-66]. The ratio R /Rg>l is, how- 
ever, observed in star polymers with many arms. It would be interesting to see 
whether for large dendrimers R /Rg= 1 .29, the value for equal density spheres, or 
approaches R /Rg=1.00, the asymptotic value for a hollow sphere. 

The effect of the quality of the solvent on the dimensions of dendrimers has 
been considered [54]. The size of the dendrimers increases with an increased in- 
teraction with solvent. However, in contrast to linear polymers or regular star 
polymers, the exponent in Eq. (4) was found to be independent of the quality 
of the solvent for high MW dendrimers [54]. 

The structure factor for dendrimers has also been calculated. The structure 
factor provides a description of the relative scattering intensity from a collection 
of scatterers as a function of the scattering vector q=(4 / )sin( /2). is the 
wavelength of the radiation in the medium and is the angle between incident 
and scattered radiation. The calculated structure factor is necessary for compar- 
ison with experimental scattering curves. The structure factor of dendritic pol- 
ymers has been calculated on the assumption of Gaussian statistics, i.e., with 
“ghost” segments [67, 68]. Burchard also studied the dynamic structure factor 
and established the limiting value for Rh/Rg= 1.023 for high generation dendritic 
polymers. Structure factors can also be computed from simulated segment den- 
sity distributions [52,53]. 



3.2 

Experimental Dimensions of Dendrimers 
3.2.1 

Radius of Gyration 

The earliest systematic study of the radii of gyration of dendrimers was per- 
formed on poly ( , -L-lysine) dendrimers up to generation 10 (see Fig. 3b for 
the branch unit). The polylysine dendrimers are atypical in so far as only one 
of each consecutive generation is placed end-standingly. Radii of gyration be- 
tween 0.8 nm (generation 3, MW=1900) and 4.3 nm (generation 10, MW= 

2.3 10^) have been obtained [69]. These small dimensions attest to the com- 




196 



J. Roovers, B. Comanita 




Fig. 4. Dependence of radii on the molecular weight of PAMAM dendrimers in methanol; 
Rgj R ; Rh 



pactness of the dendrimers. The exponent in Eq. (4) is equal to 1/3, a value 
expected for equal density spheres. 

No full account of a systematic study of dendrimer dimensions is at present 
available in spite of the great interest. Preliminary values of Rg, obtained by 
SANS on dilute PAMAM solutions in CD3OH, have recently appeared [70]. 
The MW dependence is shown in Fig. 4. The dependence of Rg on MW is 
stronger for low MW dendrimers ( =0.36) than for the high MW dendrimers 
( =0.20). This latter exponent is probably a minimum value because the nom- 
inal rather than the measured MWs have been used in Fig. 4 and synthetic 
problems suggest that the real MWs are lower than the nominal ones. The low 
exponent for the high MW dendrimers is in the range predicted by various 
models discussed in Sect. 3.1. The 1/3 slope predicted for high MW dendrim- 
ers synthesized under conditions of saturation substitution [49] is clearly not 
observed. 

Some data have also appeared for the first five generations of the smaller 
DAB(CN)x and DAB(NH2)x dendrimers (see Scheme 1 for structure). For 
DAB(CN)x in acetone-dg SANS yields =0.31 (generations 2-5). For DAB(NH2)x 
in D2O the low MW dendrimers follow Rg~M®*^® [71]. In general, it is difficult to 
determine Rg of low MW dendrimers accurately [70]. Furthermore, all dendrim- 
ers studied have ionizable groups and may act like polyelectrolytes. Therefore 
solvent conditions need to be carefully controlled and specified. 
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3.2.2 

Hydrodynamic Radii 

More extensive data are available for the hydrodynamic radii of dendrimers than 
for the radii of gyration, because they can be derived from intrinsic viscosity 
measurements according to 

R =(3[ ]M)i/^(10 (5) 

or from the translational diffusion coefficient, D^, according to 

%-kT(6 (6) 

where is Avogadro's number, k is the Boltzmann constant, and g the solvent 
viscosity. R and R^ are the radii of the equivalent sphere of constant density. 
Equations (5) and (6) may not apply to the smallest dendrimers whose dimen- 
sions are comparable to the dimensions of the solvent molecules. Furthermore, 
R and cannot be compared directly to the predictions of the models because 
the ratio R /Rg and Rh/Rg are not independent of the mass and branching archi- 
tecture of the dendrimers [52]. The earliest hydrodynamic radii have been ob- 
tained on poly ( , -L-lysine) dendrimers [72] (see Fig. 3b). For these dendrim- 
ers it was found that [ ]=2.5 ml/g independent of generation. It follows from 
Eq. (5) that R this exponent is expected for equal-density spheres and is 

unusual for dendrimers and ascribed to the asymmetric nature of the branching 
pattern in poly ( , , -L-lysine) [73]. The experimental ratio R /Rg for these den- 
drimers varies between 1.14 and 1.0. 

Hydrodynamic radii of poly(benzyl ether) dendrimers are shown in Fig. 5. 
Data for monodendrons with a hydroxyl focal group and tridendrons fall on the 
same curve. The value of the exponent in Eq. (4) is 0.46 of low MW. At high MW 
it is 0.26 [48]. Data on low MW linear polystyrene in benzene [74] have been in- 
cluded in Fig. 5 for comparison. They highlight the little difference in the actual 
values of the hydrodynamic radii of linear polystyrene and low MW poly(benzyl 
ether) dendrimers. Deviations are observed only when MW>5 10^. Further- 
more, the MW dependence of the radii of polystyrene and poly(benzyl ether) 
dendrimers are the same at low MW. This indicates that it remains impossible to 
draw major conclusions about the conformation of the low MW dendrimers 
from their global properties. The low values of the hydrodynamic radii of the 
high MW dendrimers, on the other hand, attest to their compact conformation. 
A similar transition to more compact dendrimers has recently been shown in a 
direct comparison of linear and dendritic poly(benzyl ethers) [75]. 

Recently, Stechemesser and Eimer published hydrodynamic radii obtained 
from translational diffusion coefficients measured by means of recovery after 
photobleaching experiments on selected generations of PAMAM dendrimers 
[76]. The values of R^ obtained in methanol are compared with Rg data on the 
same dendrimers in Fig. 4. It can be calculated that the ratio Rj^/R -1.4 for all 
but the tenth generation dendrimer. This ratio is somewhat higher than expect- 




198 



J. Roovers, B. Comanita 




Fig. 5. Dependence of the hydrodynamic radius of poly(benzyl ether) dendrimers on mo- 
lecular weight; monodendron; tridendron; data on low MW polystyrene ( ) in a good 
solvent are included for comparison 



ed especially for the low MW dendrimers. The same study [76] reported results 
in three different solvents of decreasing polarity, water at pH 8.0 with 
0.1 mol/l NaCl, methanol and n-butanol. At low MW up to the fourth genera- 
tion, R ~M®'^ and the dimensions of the dendrimers vary little with the solvent 
quality. This behavior is comparable to that of low MW organic compounds and 
oligomers. For example, Yamakawa et al. showed that poor and good solvent dis- 
tinctions disappear for polystyrene oligomers with MW<10^ [74]. Although 
only three high MW generations (6, 8, and 10) have been studied it is clearly es- 
tablished that R (H20)>R (MeOH)>R (n-BuOH). Such behavior is typical of 
polymers and reflects the influence of solvent on long-range interactions. It is re- 
markable that hydrodynamic radii of PAMAM dendrimers in MeOH based on 
the ammonia core are in good agreement with the hydrodynamic radii of the 
dendrimers based on ethylenediamine core [3, 77]. These results have also been 
included in Fig. 4. 

Intrinsic viscosity results on DAB(CN)x and DAB(NH 2 )x have been quoted in 
various publications [5, 71, 78]. Unfortunately, the solvent and experimental 
conditions are not specifled. R is found to increase by a constant increment for 
flve generations. In a double logarithmic plot of R against MW it is found that 
the slope decreased from slightly larger than 0.4 at low MW to about 0.3 at high 
MW. Intrinsic viscosities of four generations of carbosilane dendrimers [79] (see 
Fig. 3a for structure) and four generations of poly(dimethylsiloxane) dendrim- 
ers [80] lead to R -M dependencies with =0.4 for these low MW dendrimers. 
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The studies of Rg as well as R and R^ of a number of dendrimer systems es- 
tablish a transition from =0.45-1-0.05 to =0.25-1-0.05 dependence on MW as 
shown in Figs. 4 and 5. This result is qualitatively consistent with the simulation 
results and has several consequences. Because [ ]~R ^/M, the value of [ ] will 
increase with the MW of the dendrimer when >1/3, be independent of MW 
when =1/3, and decrease with MW when <1/3. This last, unusual, behavior of 
high MW dendrimers has been pointed out [48]. The maximum in the value of 
[ ] at intermediate MW resembles the behavior of star polymers when values of 
[ ] are plotted against f, the arm functionality at constant arm MW [62, 81]. It 
is also observed in comb and graft copolymers with increasing grafting density, 
other variables being kept constant [82]. 

Furthermore, if the dependence of Rg on MW of dendrimers is correctly rep- 
resented by the data of Figs. 4 and 5 then there cannot be constant incremental 
increase of the dimensions of consecutive generations of dendrimers but over a 
narrow MW range [48]. For example, in the case of PAMAM dendrimers the in- 
crease in the radius is about 0.6 nm per generation, a value that approaches the 
fully extended spacer length estimated at 0.87 nm. In the case of poly(benzyl 
ether) dendrimers the increment per generation is about 0.45 nm for an estimat- 
ed fully extended spacer of 0.6 nm. The increase of the dimensions of a dendrim- 
er over that of the previous generation cannot be assigned solely to the terminal 
generation because the interior spacers stretch and chains can backfold. It is 
therefore possible that the increment of dimension is larger than the fully ex- 
tended added spacer length. 

Another consequence of the size-mass relations of dendrimers shown in 
Figs. 4 and 5 is that the average segmental volume fraction decreases with in- 
creasing generation at low generation when >1/3 but increases at high genera- 
tion when <1/3. This may be physically observable by means of partial specific 
volume measurements. Indirect indication is found in the minimum in the re- 
fractive index increment of dendrimers [18, 48]. 

A further consequence of the experimental size-mass relation of Figs. 4 and 5 
is that, assuming that all terminal groups lie on the surface of a sphere, the sur- 
face area per terminal group is nearly constant for low MW dendrimer where 
Rg~M^^^. However, even for moderately large dendrimers, Rg depends less 
strongly on MW and the area per end-group decreases rapidly with increasing 
MW. The area per end group can reach the van der Waals dimension unless alle- 
viated by chain backfolding. The theoretical surface area per end group of a 
tenth generation PAMAM is of the order of 1. 6-2.2 nm^ [18]. 

3.2.3 

Effect of Solvent on Dendrimer Dimensions 

The decrease of PAMAM dimensions with decreasing polarity of solvent have 
been mentioned [76]. Newkome and coworkers have studied the dimensions of 
dendrimers with different terminal groups [83, 84]. Dendrimers with CH 2 OH 
end groups have the same dimension in acidic, neutral, and basic aqueous solu- 
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tions. However, dendrimers with COOH end groups have a 35% larger hydrody- 
namic radius in neutral or basic than in acidic solution. Dendrimers terminated 
with CH 2 NH 2 groups have values of 35% larger in neutral or acidic conditions 
than in a basic medium. These documented expansions are clearly due to elec- 
trostatic repulsion. Because measurements have been reported only at one con- 
centration (c 10“^ mol/1) it is not clearly established that ionizable dendrimers 
act as polyelectrolytes [72]. The observation that ionic strength has little effect 
on dimension suggests that considerable screening occurs at the concentration 
of the measurements. 

Dubin et al. measured [ ] and of seven generation of carboxylated 
PAMAM dendrimers in NaN 03 NaH 2 P 04 aqueous buffer at pH 5.5 and 
0.38 mol/1 in order to minimize electrostatic interaction [85]. The values of R of 
the 2.5 and 3.5 generation dendrimer agree closely with those of the correspond- 
ing methyl ester dendrimer in MeOH. Rather surprisingly, the quoted values of 
[ ] do not go through a maximum expected for the higher generation dendrim- 
ers. 

4 

Dendrimer-Polymer Hybrids 



4.1 

Polymeric Dendrimers 

The dendrimers discussed in the previous sections have short spacers contain- 
ing usually between two and eight bonds between neighboring branch points. It 
is, however, also possible to work with polymeric chains rather than short spac- 
ers albeit with some some sacrifices to regularity and symmetry. Arborescent 
[86] and combburst [87] polymers contain linear polymer chains at the core and 
in each generation. These polymers have several trifunctional branch points 
along each polymer chain, rather than the end-standing branch points of the 
classical dendrimer. The branching functionality, considered per polymer chain 
is usually high (7-15) compared to 2 to 4 in a dendrimer. As a consequence the 
molecular weight and number of branch points increases very rapidly with each 
generation (see Scheme 8a and Table 1). The arborescent and combburst poly- 
mers are expected to have a high segment density and near spherical conforma- 
tion. At this point there is no experimental evidence on the segment density dis- 
tribution with a possible shell like structure or extensive backfolding. 

Polymeric dendrimers have been synthesized by anionic, cationic and free 
radical polymerization. Gauthier and Moller and their collaborators used two 
alternating reactions of chloromethylation of polystyrene and grafting with pol- 
ystyryllithium to create arborescent polystyrenes [86] (see Scheme 9a). Tomalia 
and co-workers used hydrolysis of poly(ethyloxazoline) to create secondary 
amines in poly(ethylene imine) onto which poly(ethyloxazoline) chains are 
grafted by means of the living oxazolinium end group [87] (see Scheme 9b). In 
the original work [86, 87] the individual polymer chains are kept small (DP=20 
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Scheme 8 



or 50) and up to one third of the monomer units are converted into branch 
points. The spacers between two neighboring branch points are therefore small 
and stiff and do not have flexible polymer characteristics. Both laboratories not- 
ed that the grafting efficiency decreased with increasing generation. This is as- 
cribed to steric congestion [86, 87]. It is also possible that there is strong ther- 
modynamic repulsion between the highly branched polymer and linear poly- 
mer preventing a fast and complete grafting reaction. In later work the MW of 
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Table 1. A Characterization of arborescent polystyrene [88]^ (polymeric dendrimer) 



Sample 


M>r) 10-5 


Mw 


M /M ^ 




Rv(nm) 


Core 


- 


9.6 105 


1.07 


- 


- 


Comb 


10.2 


1.56 105 


1.15 


14 


9.8 


G1 


10.1 


1.86 10'’ 


1.11 


170 


24.0 


G2 


9.5 


1.57 10^ 


1.80(?) 


1460 


45.6 



^ SlO-series 

^ Apparent MWD by SEC 



Table 1.B Characterization of Combburst poly(ethylene imine) [89]^ (polymeric dendrim- 
er) 



Sample 


Mw(br) 10-5 


Mw 


Mw/M„b 




Core 


- 


1 105 


1.05 




GO 


0.8 


2.5 105 


1.22 


5 


G1 


7.7 


1.38 105 


1.34 


26 


G2 


7.1 


1.08 10® 


1.47 


176 


G3 


(21.0) 


1.04 10^ 


1.20 


745 



^ Mw of poly(ethylene imine) from MALLS 
^ Apparent MWD by SEC 



9a 




the polymer chain has been increased to 30,000 D while keeping the branching 
functionality per chain between 5 and 15. In these new polymeric dendrimers, 
each spacer between neighboring branch points is a small polystyrene chain 
with several Kuhn steps [88-90]. It is worth noting that both research groups 
show that the apparent MWD remains reasonably narrow (Mw/Mn~1.2) 
through the preparation of several generations (see Table 1). Arborescent poly- 
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butadienes have also been prepared. A branch MW= 10,000 is equivalent to 
about 200 monomers, 6% of which are converted to branch points [91]. 

The physical properties of these polymeric dendrimers have been studied to 
some extent. Intrinsic viscosity measurements combined with MW afford values 
of R according to Eq. (5). Alternatively, the translational diffusion coefficient 
leads to according to Eq. (6). These equations may well be applicable, since it 
is observed that R and R^ scale with the 1/3 power of MW in support of the 
equal density hard-sphere assumption [88]. 

Comparison of R or R^ of two consecutive generations yields an apparent 
shell thickness. It is significant that the shell thickness of each generation in- 
creases with increasing generation at constant branch MW (see Table 1). The ap- 
parent thickness of the outer shell is always larger that the unperturbed end-to- 
end distance of the polymer chain. In some cases the value approaches the di- 
mensions of the fully stretched chain. This appears to be a good indication that 
the addition of a new generation also enlarges the radius of the interior parent 
dendritic polymer. A full proof would require measurements of Rg on an in- 
ner/outer labeled polymeric dendrimer. Because the branching process is ran- 
dom, it is unlikely that the polymeric dendrimers have strongly segregated gen- 
erational shells. Increasing crowding in each generation and the resulting ten- 
dency of all chains to stretch should, however, introduce some radial segregation 
of the material in consecutive shells. 

The intrinsic viscosities of the dendritic polymers are extremely small com- 
pared with those of linear polymer of the same MW [86, 91]. Furthermore, the 
dendritic polymers expand very little in going from a solvent to a good solvent 
[92]. This is to be expected. When steric congestion forces the polymer chains to 
expand in a solvent, further expansion in a good solvent is limited. In this re- 
gard it is important to note that the condition must be carefully specified. It is 
known that branched polymers have different conditions to the linear coun- 
terpart [93]. 

Gauthier and coworkers have expanded the synthesis of dendritic polymers 
to dendritic graft copolymers in which the inner generations are polystyrene 
and the outer generation consists of polyisoprene [94] (Scheme 8b). They have 
also prepared amphiphilic graft copolymers in which the inner generations are 
polystyrene and the polymer chains in the peripheral shell are extended by po- 
ly(ethylene oxide) (PEO) [95] (Scheme 8c). In order to accomplish this, the last 
PS generation has been initiated with a lithium compound carrying a protected 
hydroxyl group. After deprotection, the hydroxyl group was activated with the 
potassium counterion for the polymerization of ethylene oxide. Comparison of 
the hydrodynamic radii before and after the extension with PEO indicated a 
rather small expansion due to the PEO chains, in spite of possible internal phase 
separation of the PS and PEO units in the polymer. 

Monolayers of arborescent polystyrenes have been investigated by scanning 
force microscopy [90]. Dense polymers with a small branch spacing (M^-SOO D) 
are nearly spherical and become more spherical on annealing, thereby causing 
the break-up of the film. On the other hand less densely branched polymers 
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Scheme 10 



(M|^~2000 D) are flattened on deposition and are unchanged on annealing, leav- 
ing a largely intact film. 

Frechet and coworkers recently described how living free radical polymeriza- 
tion can be used to make dendrigrafts. Either 2,2,6,6-tetramethylpiperidine ox- 
ide (TEMPO) modifled polymerization or atom transfer radical polymerization 
(ATRP) can be used [96] (see Scheme 10). The method requires two alternating 
steps. In each polymerization step a copolymer is formed that contains some 
benzyl chloride functionality introduced by copolymerization with a small 
amount of p-(4-chloromethylbenzyloxymethyl) styrene. This unit is trans- 
formed into a TEMPO derivative. The TEMPO derivative initiates the polymer- 
ization of the next generation monomer or comonomer mixture. Alternatively, 
the chloromethyl groups on the polymer initiate an ATRP polymerization in the 
presence of Cu^Cl or Cu^Cl-4,4' dipyridyl complex. This was shown to be the case 
for styrene and n-butylmethacrylate. SEC shows clearly the increase in molecu- 
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Scheme 11 



lar weight of the polymer with each generation and comparison between the ap- 
parent MW from the universal calibration and absolute MW from SEC/MALLS 
proves the highly branched nature of the final product. 

Truly polymeric dendrimers require an end-standing branch point with a 
specific functionality. This has been realized in the case of poly(ethylene oxide) 
[97]. Starting from a trifunctional anionic initiator a three-arm star is formed. 
The living potassium alcoholate end groups are reacted with 2,2-dimethyl-5- 
ethyl-5-tosyloxymethyl-l,3-dioxolane (see Scheme 11). Hydrolysis of the 1,3-di- 
oxolane ring and activation of the hydroxyl groups with diphenylmethylpotassi- 
um initiates the second generation ethylene oxide. The resulting polymer has 
nine branches. The Gaussian chain shrinkage factor [98] g=<s^>/<s^>lij^=0.605 
for this polymeric dendrimer. This value is intermediate between that of a regu- 
lar three-arm star (g=0.778) and a regular nine-arm star (g=0.309). Experimen- 
tally, g'=[ ]/[ ]iij^ 0.5 has been found from SEC, assuming universal calibration 
to be valid. This ratio seems low because in lightly branched regular stars g' 

[81]. An alternative method has recently been used to make higher generation 
polymeric dendrimers [99]. A true copolymeric dendrimer consisting of a cen- 
tral six-arm polystyrene star and 12 peripheral PEG arms has also been reported 
[ 100 ]. 

Similar polymers, slightly less perfect, are the umbrella star copolymers 
[101]. These polymers are based on a central polystyrene star with 25 arms. An 
average of five polybutadiene or poly(2-vinylpyridine) branches are grafted onto 
the end of each arm. Since these polymers are models for block copolymer mi- 
celles their properties have been studied in selective solvents. In particular, the 
PBd-PS umbrella-star copolymers are monomolecularly dissolved in non-sol- 
vents for the core-forming polystyrene. 
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4.2 

Dendrimers on Polymers 



4.2.1 

Dendrimers on Flexible Polymers 

In general, the polymerization of macromonomers leads to low MW materials 
and the DP of the backbone is often similar to the DP of the macromonomer. 
Consequently, these polymers are nearly spherical and resemble star polymers 
in dilute solution. However, it has been shown recently that high MW poly(mac- 
romonomers) have a rodlike conformation in dilute solution [102, 103]. In the 
particular case studied, polystyrene macromonomers linked by an ethylene ox- 
ide spacer to an end-standing methacrylate group have been polymerized to 
DP 1000. It is concluded that the central methacrylic backbone adopts a 
stretched conformation due to the constraining long and bulky polystyrene side 
chains. The polymer resembles a “bottle brush” [104]. X-ray scattering experi- 
ments in semi-dilute solution further revealed a lyotropic phase consistent with 
the high aspect ratio of the polymer [105]. 

The second impetus to consider monomers with dendritic side groups comes 
from the work of Percec et al. on monomers with tapered side chains, e.g., po- 
lymerization of 3,4,5-tris (4'-dodecyloxybenzyloxy) benzoic acid ethylene glycol 
(n=l, 2,3,4) methacrylates 




yields polymers which self-assemble into a tubular supramolecular architecture 
with radii between 27 and 36 A [ 1 06] . Dendrimers on polymers may therefore be 
expected to influence the backbone conformation and be a possible source of 
new polymeric materials. The first macromonomers carrying dendrimers have 
been prepared by Frechet and Hawker who attached their poly(benzyl ether) 
dendrimer [G-3], [G-4], and [G-5] (see Scheme 3) to a styrenic functional group 
[107] thereby placing seven bonds between the backbone carbon and the focal 
point. Copolymerization with styrene produced high MW material. The copol- 
ymer composition is equal to the monomer composition, implying that the den- 
dritic substituent does not affect the reactivity of the styrenic double bond. Sty- 
renic monomers with poly(benzyl ether) dendrimer of general structure 
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have been homopolymerized radically in concentrated solution in toluene or in 
the bulk [108]. The higher generation monomer requires higher polymerization 
temperatures and a higher radical initiator concentration. Yields are over 50%. 
Analysis by SEC (polystyrene equivalent) indicates that the polymers with larger 
dendrons appear to have a lower degree of polymerization. This apparent result 
can be due in part to the bulkiness of the substituents. More troublesome are the 
observed wide MWDs (in bulk MWD>10) which suggest that extensive chain 
transfer may occur in the bulk polymerization. Absolute MW determinations of 
two fractions based on the [G-2 ] dendrimer indicate MWs of 2 10^ and 2 10^ 
with very small radii of gyrations and hydrodynamic radii. A second generation 
dendrimer has also been linked to a styrenic moiety by a urethane bond [109] 



.OTHP 

.OTHP 

-OTHP 

"OTHP 



( 3 ) 



and polymerized to an apparent (SEC) DP=51. After hydrolysis of the peripheral 
tetrahydropyran groups a water soluble polymer is expected [109]. 

Schliiter and coworkers have made systematic studies of the polymerizabil- 
ity of methacrylic monomers modified by Frechet type dendrons of genera- 
tions 1-3 [109]. They observe that clean polymerization is limited to methacr- 
ylate monomer with generation 1 dendron when the dendron is directly linked 
to the monomer, i.e., when the focal branch point of the dendron is separated 
by four bonds from the nearest backbone carbon. 



( 4 , 

O O ^ — 

Insertion of ap-benzyloxy group causes a nine bond separation and affords 
homopolymerization of [G-1] and [G-2] substituted monomers. These observa- 
tions on dendrimer carrying methacrylate monomers confirm earlier results 
[ 110 , 111 ]. 

These observations are also consistent with results of Drahem and Ritter on 
the polymerization of methacrylamide monomers carrying four and eight pe- 
ripheral ester functions dendritically bound to an L-aspartic acid chiral center 
[ 112 ]. 



U OUUI 



O COOMe 

COOMe 

r COOMe 
O COOMe 



[G-1], [G-2] 



( 5 ) 



The number average DP of the first generation dendrimer monomer is esti- 
mated by SEC to be only 23, based on polystyrene equivalent SEC elution vol- 
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ume. Because of the branched nature of the substituent the true value is probably 
much larger. The optical rotations of the second generation monomer and its 
polymer are identical. This does not allow any conclusion about a possible sec- 
ondary structure, e.g., helix formation in the polymer [112]. 

In conclusion it has turned out to be difficult to polymerize all but the first 
generation dendritic macromonomer. Higher generation dendrimers need to be 
attached through a long series of bonds to the polymer backbone. This in turn 
prevents any strong conformational infiuence on the backbone and no interest- 
ing new properties have been detected so far. 



4.2.2 

Dendrimers on Stiff Backbones 



If dendrimers are introduced on stiff backbone polymers cylindrical molecules 
are created and an empty inner volume becomes available between the stiff 
backbone and the outer dendrimer shield. Furthermore the peripheral groups of 
the dendrimer can be manipulated to control the solubility characteristics of the 
resulting polymers. 

Two routes to dendrimer modified stiff backbone polymers have been ex- 
plored. The first involves the polycondensation of dendrimer substituted mono- 
mers. Monomers of the type 



Me 





[G-1], [G-2], [G-3] 



( 6 ) 



in which the dendrimer is a Frechet type poly(benzyl ether) have been cross- 
coupled with phenylene diboronic acid in the presence of Pd[PPh 3]4 under Su- 
zuki conditions. Good yields of polyphenylenes have been obtained in all cases 
[113]. SEC provides polystyrene equivalent MWs in the 20-60 K range. Absolute 
MW determination suggests that true MWs are about five times larger [113]. 
These results prove that the poly(paraphenylene) backbone can be covered with 
one third-generation dendrimer on every second phenylene ring. 

Synthesis of more densely covered poly(paraphenylene) has also been at- 
tempted with two other monomers: 
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R = 



Si(CH)3 



[G-1]- trimethylsilyl 



Scheme 12 




In the first case the resulting polymer has two dendrons for every three phe- 
nylene rings and in the second case there are two dendrons on every second phe- 
nylene ring. The higher apparent MW of the polymers, measured by SEC, sug- 
gest that the first polymer is easier to prepare than the denser substituted second 
polymer [114]. 

Recently, Oikawa et al. succeeded in polymerizing a phenyl acetylene mono- 
mer carrying stiff dendrons of generation 1 and generation 2 [115] (see 
Scheme 12). The dendrimer is attached to every second carbon in the poly(acet- 
ylene) backbone. The apparent MW of the polymers is quite high (>1 10^) and 
the polymer solubility increases with increasing dendrimer generation. The re- 
placement of tert-hutyl groups by trimethylsilyl groups also improves solubili- 
zation. The maximum in the visible light absorption spectrum of the polymers 
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Scheme 13 



is observed to move to higher wavelength with increased dendrimer size. In 
comparison with simple poly(phenyl acetylene) the -conjugated system in the 
backbone is more extended and more uniform. This is evidence for the steric in- 
fluence of the dendritic substituents on the conformation of the poly(phenyl 
acetylene) backbone. 

The second method involves substitution reactions on a preformed polymer 
with a stiff backbone. The advantage of this method is that it provides better 
control over the MW of the starting polymer. However, the substitution may not 
be 100%. The first example involved the substitution on a poly(l,l,l-propellane) 
copolymer [116]. A copolymer with 80% functionalizable units has been suc- 
cessfully modified with a [G-1]-Br poly(benzyl ether) dendron (see 
Scheme 13a). Further studies exploring the feasibility and steric limitations of 
the substitution route have been performed on poly(p-phenylene) [113, 116]. 
The Williamson substitution reaction on 




with [G-1]-Br and [G-2]-Br poly(benzyl ether) dendrons provided 100 and 50- 
60% functionalization, respectively. A [G-3]-Br substitution was therefore con- 
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sidered unlikely to be successful. The reverse Williamson substitution, using a 
iodo leaving group on the polymer, is more successful yielding 100, 100, and 
70% substitution for [G-l]-OH, [G-2]-OH, and [G-3]-OH respectively (see 
Scheme 13b). 

The most successful substitution reaction is via the isocyanate route. The poly 
(paraphenylene) backbone polymer chosen for this work 




(9) 



has one extra carbon-carbon bond between the phenyl backbone and reactive 
hydroxyl group. Reaction with isocyanate focal group of a third generation Fre- 
chet type poly(benzyl ether) dendrimer gave a 91-92% substitution yield, the 
highest attained with a third generation dendrimer [113, 117]. The status of this 
type of research at this point indicates that only one dendrimer, up to generation 
three, can be incorporated in every second phenyl ring along the polymer back- 
bone. Moreover, the chemical route followed is of importance. The isocyanate 
route with a reaction center slightly further removed from the backbone gives 
the highest rate of substitution. 



4.3 

Linear Polymers on Dendrimers 
4.3.1 

Single Polymer-Dendrimer Hybrids 

Hybrids of linear polymers and dendrimers are expected to be unusual block co- 
polymers because they combine, in one molecule, a long flexible chain with a 
random coil conformation with a dense globular dendrimer. Gitsov et al. pre- 
pared the first polymer-dendrimer hybrids by reacting monofunctional narrow 
MWD PEO with their [G-3] and [G-4] poly(benzyl ether) dendrimers [118-121] 
(see Scheme 14a). This linear polymer-dendrimer hybrid is comparable with an 
AB type block copolymer. The ABA hybrids are similarly obtained from difunc- 
tional poly(ethylene glycols) (PEG) (see Scheme 14b). The Williamson reactions 
are performed in dry THF at room temperature with a small excess of dendrim- 
er. Yields are in excess of 90%. A four-arm star PEO has similarly been modified 
with [G-2],[G-3], and [G-4] dendrimers by means of the focal benzyl bromide 
group in yields of 90, 85, and 80%, respectively [122]. The same hybrids can also 
be obtained by transesteriflcation in the melt catalyzed by tin or cobalt salts (see 
Scheme 14c). Yields range between 50 and 80%. There is one report in which the 
linear polymer and dendrimer are joined by means of a peripheral group rather 
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14a 




R0(CH2CH20)nH 



Br 



NaH 




14b 





than the focal group (see Scheme 14d). This transesterification is performed in 
the melt at 225 °C and 0.03 Tor [123]. 

Living anionic polymerization has been used to place a central polystyrene 
chain between two dendrimers [124]. Prior to the coupling reaction at -78 °C 
the polystyrylpotassium reactivity is reduced by end-capping with diphenyleth- 
ylene (Scheme 14e). 

The single focal point of the dendrimer can be used to initiate the polymeri- 
zation of monomer, e.g., of -caprolactone [125] (see Scheme 15a). The efficien- 
cy of the [G-4]-OK initiator is 100%. The polymerization is essentially complete 
in 6 min at 0 °C. Experimental and calculated MWs agree and the MWD is nar- 
row. At longer times, Mn remains constant but the MWD increases due to trans- 
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Scheme 15 



esterification. These results are very different from those obtained with potassi- 
um ferf-butoxide or the initiator derived from [G-l]-OH. It is therefore pro- 
posed that the large dendrimer provides temporary protection for the growing 
chain against transesterification and backbiting reactions. 

The focal functional group of the dendrimer has also been used to initiate liv- 
ing free radical polymerization. For the TEMPO mediated free radical polymer- 
ization of styrene the focal point is converted to a TEMPO derivative [126] (see 
Scheme 15b). This species initiates the bulk living polymerization of styrene at 
123 °C. Alternatively, the benzyl bromide focal group of poly(benzyl ether) den- 
drimers can be used in ATRP. In the presence of Cu^Cl/4,4' (di-n-heptyl)-2,2' 
dipyridyl complex styrene is polymerized at 130 °C [126]. The formation of 
block copolymers of polystyrene and dendrimer is confirmed by the absence of 
free dendrimer in SEC analysis of the crude product. Furthermore, the polysty- 
rene peak in SEC has a superposable UV-absorption at 283 nm which is the char- 
acteristic wavelength of absorption of the dendrimer. In both systems the MWs 
vary between 10,000 and 100,000 D. Calculated and experimental MWs agree at 
low MW but the experimental MW tends progressively to lower values above 
30,000 D with a concomitant widening of MWD from 1.19 to 1.5. Radical trans- 
fer reactions to the benzyl ether groups on the dendrimer seem not to be impor- 
tant. The TEMPO modified dendrimers [C-3] and [C-4] have been used to po- 
lymerize 4-acetoxystyrene. The resulting copolymer can be hydrolyzed to an 
amphilic block copolymer consisting of a hydrophilic poly(vinylphenol) and hy- 
drophobic poly (benzyl ether) dendrimer. 
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stands for diparaphenylene-34-crown-1 0 



Scheme 16 



Poly(benzyl ether) [G-2] -TEMPO, [G-3] -TEMPO, and [G-4] -TEMPO com- 
pounds have been synthesized and used as additives in the benzoyl peroxide in- 
itiated polymerization of styrene [127] (see Scheme 15c). After an induction pe- 
riod, chain growth is observed. However, the MWD is larger than in a dendrim- 
er-free TEMPO modulated system (Mw/Mn 2). The expectation that the den- 
drimer would isolate the growing chain end and prevent side reactions is not 
borne out. Polymerizations of methylmethacrylate, vinylacetate, and n-buty- 
lacrylate with the same initiator/TEMPO recipe are disappointing. 

A special type of ABA block copolymer is formed when dendrimers are used 
as stoppers on rotaxanes. Rotaxanes are linear polymers onto which one or sev- 
eral large macrocycles are threaded. In order to prevent unthreading, sufficient- 
ly bulky groups must be attached to the two ends of the rotaxane. The [G-3] po- 
ly(benzyl ether) dendrimer proved to be highly suited for trapping [128] (see 
Scheme 16). The linear polymer is made of stiff bipyridinium groups that spon- 
taneously assemble with diparaphenylene-34-crown-lO to form the rotaxane. 
The dendrimers are attached via quaternation of pyridine with benzyl bromide 
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[G-1] [G-2] [G-3] [G-4] 

Fig. 6. Phase diagram of ABA poly(benzyl ether) dendrimer PEO in Me0H:H20 (1:1) 



at the focal point. The nonpolar dendrimer exerts a large solubilizing effect on 
the highly polar rotaxane which allows its study in a wide range of solvents. 

Dendrimers that are prepared by the divergent method lack the focal group 
to attach them to a polymer chain. Such dendrimers must be grown from a pre- 
formed polymer having an end-standing functional group. The first synthesis by 
this method used glycine modified PEO and poly( , -lysine) to grow a poly( , - 
L-lysine) dendrimer [129] (See Fig. 3b for structure). Up to four generations of 
lysine have been added. The PEO-dendrimer is purified at each generation by 
precipitation in diethylether similar to the Merrifield procedure. At the fourth 
generation the MW of the poly( , -L-lysine) dendrimer and PEO are compara- 
ble. These amphiphilic block copolymers decrease the surface tension of water 
and form micelles in solution. 

Poly(propylene imine) dendrimers (see Scheme 1 for structure) have been 
constructed step by step onto an amine functionalized polystyrene [38, 130, 
131]. The challenge in this synthesis is finding conditions for the poly(propylene 
imine) synthesis under which the low MW polystyrene (MW=3200) is soluble 
[38]. Similar poly(imine) dendrimers with carboxylic acid end groups have also 
been prepared [130]. The poly(propylene imine) dendrimer has also been syn- 
thesized on an amino-terminated poly(2-methyl-2-oxazoline) [132]. 

Because of the commercial interest in amphiphilic block copolymers the 
properties of the amphiphilic linear polymer-dendrimer have been most exten- 
sively studied. An illustration of the various phases that can be observed is 
shown in Fig. 6 for the case of an ABA type block copolymer, where A is the hy- 
drophobic dendrimer and B the hydrophilic PEO [1 19]. The exact location of the 
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phase boundaries is dependent on the polymer concentration. The boundary 
between the monomolecular and micellar phases depends on whether the ex- 
perimental concentration is above or below the critical micelle concentration. 
The boundary between micellar solution and gel is defined by the equilibrium 
between loops and bridges formed by the soluble PEO blocks. Bridges are entro- 
pically favored. A similar, less complete, phase diagram is also obtained for AB 
type polymer-dendrimer block copolymers. However, in that case, no gel phase 
is produced for lack of bridging. 

The structures formed by polystyrene-poly(propylene imine) dendrimers 
have also been analyzed. Block copolymers with 8, 16, and 32 end-standing 
amines are soluble in water. They have a critical micelle concentration of the or- 
der of 10“^ mol/1. At 3 10"^ mol/1 they form different types of micelles. The den- 
drimer with eight amine groups (80% PS) form bilayers. The dendrimer with 16 
amine groups (65% PS) forms cylinders and the dendrimer with 32 amine 
groups (50% PS) forms spherical micelles [38, 130, 131]. These are the classical 
lamellar, cylindrical, and spherical phases of block copolymers. However, the 
boundary between the phases occurs at very different volume fractions, due to 
the very different packing requirements of the linear polymer and spherical 
dendrimer at the interphase. 



4.3.2 

Multiple Polymer-Dendrimer Hybrids 

Dendrimers with their multiple end-standing functional groups are ideally suit- 
ed for the construction of star-shaped polymers. Indeed, the end-standing func- 
tional groups can be used as initiators for polymerization (“grafting from” 
method) or as functional groups for “grafting onto”. They can also be used as re- 
distribution centers in equilibrium polymerization. 

“Grafting from” has not been a successful method in anionic polymerization 
because the required low molecular weight multifunctional organometallic ini- 
tiators are almost always insoluble and this is also expected to be the case when 
dendrimers are modified. However, in cationic polymerizations the dormant 
species is less polar and more soluble. For example, the hexabenzyl bromide 




has been used in the polymerization of 2 -methyl-2 -oxazoline [133] and it can be 
envisioned that larger dendritic initiators based on phosphorus can also be used 
[134]. 

The “grafting from” method is also successful in other ring opening polymer- 
izations. For example, -caprolactone polymerization is initiated from poly(pro- 
pylene imine) dendrimers with n=2-16 end-standing amine groups [135]. To be 
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successful this method requires stable dendrimers and preferably little or no re- 
versibility leading to depolymerization and ring formation (see Scheme 17a). 
The polymerization in bulk at 230 °C of -caprolactam with poly(ethylene imi- 
ne) dendrimers is also described [136] (Scheme 17b). The properties of the re- 
sulting semicrystalline six-arm star polymers are in all aspects similar to those 
of the linear nylon-6 except for a 40% lower melt viscosity [137] which is of sig- 
nificant industrial importance. 

Recently, PEO has been grafted onto PAMAM dendrimers by means of N-suc- 
cinimidyl propionic acid spacers [138] (see Scheme 17c). When n=16 and 32, ex- 
perimental and expected functionalization agree satisfactorily. However, for n= 
64, 128, and 256, progressively lower functionalization is observed. It is not clear 
whether this result is due to imperfections of the PAMAM dendrimer used or to 
steric limitations on the extent of the substitution reaction. At present this reac- 
tion scheme has been tested only on PEO chains with MW=5000. 

Anionic polymerization is uniquely suited for the preparation of star poly- 
mers via grafting onto dendrimers. At least for a few monomers under well de- 
fined conditions narrow MWD chains having stable but reactive end groups are 
available for reaction with multifunctional dendrimers. It is required, however, 
that the dendrimers are essentially of a hydrocarbon nature except for the elec- 
tophilic functional groups. In the original disclosure of the formation of 18-arm 
star polyisoprenes the required octadecachlorocarbosilane (see Fig. 3a for relat- 
ed structure) coupling agent was prepared by an embryonic recursive method 
which foreshadowed divergent dendrimer synthesis [139]. This octadecachloro- 
carbosilane compound is equivalent to a generation 1.5 dendrimer. The graft- 
ing-onto process consist of the nucleophilic displacement of Cl with the carban- 
ionic end groups of living polymer chains. The coupling reaction between the 
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multifunctional chlorosilane compound and the living polymeric carbanion is 
represented in Scheme 18a. No side reactions have been observed when this re- 
action is performed at room temperature in hydrocarbon medium; although an 
excess of living polymer and relatively long reaction times are required [64, 140]. 
This “grafting onto” route has been extended to the preparation of star polymers 
with 32- [140], 64-, and 128-arm star polybutadienes [64] which are built onto 
carbosilane dendrimers of generations 2.5, 3.5, and 4.5, respectively [79]. It is 
worth noting that no steric limitations are observed when polybutadienyllithi- 
um is used. Steric limitations, however, are a problem with polyisoprenyllithium 
and polystyryllithium. The same coupling agents have been used to prepare star 
block copolymers in which each arm of the star consists of a diblock copolymer 
of styrene (30%) and butadiene (70%) [141]. 

The “grafting onto” reaction can be controlled to some extent. For example, 
substitution of the first half of the Si-Cl bonds with one polymer chain is known 
to be kinetically favored. The remaining Si-Cl is then substituted with another 
polymer. Two examples of this method have been explored. In the first, fuzzy 
star polymers have been prepared according to Scheme 18b. These polymers are 
called fuzzy because the two polybutadiences have different MWs, thereby pre- 
sumably, creating a more diffuse surface [141]. In the second application, a mik- 
to arm star polymer with eight polystyrene and eight polyisoprene arms has 
been synthesized [142] (Scheme 18c). Although the arms of such multiblock co- 
polymers are forced to intermingle extensively, the polymers spontaneously 
form micro-separated two-phase systems. 

The polymer redistribution reaction with functionalized dendrimers has 
been investigated by Van Aert et al. for the case of the transetherification of poly- 
(2,6-dimethyl-l,4-phenylene ether) (PPE) by means of phenols attached to den- 
drimers [143]. The number average molecular weight of the arms is controlled 
by the ratio of moles of PE units and the moles of added phenol. The phenols 
have been attached to poly(propylene imine) dendrimers by means of a tert- 
butyloxycarbonyl tyrosine(Scheme 19a). The redistribution rate is slow but can 
be increased by adding CuCl / 4-dimethylaminopyridine catalyst. Oxygen-free 
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conditions are required during the redistribution in order to avoid oxidative po- 
lymerization and oxidative side reactions. The star polymers are different from 
the previously described model star polymers obtained by anionic polymeriza- 
tion because the arm MW has a most probable MWD. Interestingly, it was ob- 
served that the hydrodynamic volume of the star polymers as measured by SEC 
does not vary much with increasing functionality from f=4 to f=64 [143], al- 
though measured [ ] and calculated MW suggest an important increase in R 
[ 144] . The hydrodynamic volume measured by dynamic light scattering is clear- 
ly an increasing function of the functionality of the stars at constant arm length, 
as well as under conditions of increasing arm length and constant dendrimer 
functionality. This apparent difference may be due to different averages probed 
by the two methods. The SEC maximum is close to a weight average while the 
dynamic light scattering measures a z-average value of the hydrodynamic vol- 
ume. 

The method of transetherification or the related transesterification should be 
applicable to other dendrimer polymer systems. Transamidation has been per- 
formed with poly(propylene imine) dendrimer and poly( -caprolactone). The 
linear chain is fragmented according to Scheme 19b, and a mixture of star and 
linear polymer is formed [135]. The average MW of the arms is equal to the MW 
of the linear fragments. 

5 

Hybrids of Dendrimers and Biological Polymers 



5.1 

Dendrimer-Peptide Hybrids 

Tam has pioneered the use of dendrimers as templates for simultaneous growth 
of identical polypeptides [145]. Tam et al. were also the first to use the Merrifield 
approach to the synthesis of dendrimers [145-148]. Starting from phenylaceta- 
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midomethyl (Pam) modified poly(styrene-co-divinylbenzene) beads, a third 
generation of poly ( , -L-lysine) dendrimer with eight primary amines was ob- 
tained (see Scheme 20a). After capping each amine with a glycine spacer eight 
copies of a desired polypeptide are grown. A detailed critical description of the 
special conditions required in the synthesis of a dendrimer on a cross-linked 
polymer, including low loading of the resin beads, has been given [145]. The 
long hydrolyzable Pam spacer between the non-polar polymer and the more po- 
lar dendrimer is also important. The polypeptides chosen for the synthesis are 
specific antigens. The clusters of the antigens attached to the dendrimer elicit 
good antibody response without showing the problems associated with antigens 
bound to carrier proteins. 

In recent work Tam and Rao have attached unprotected peptides directly to a 
third generation poly( , -L-lysine) dendrimer [149]. As shown in Scheme 20b, 
the dendrimer is modified to contain eight aldehyde groups. These are then re- 
acted with a cysteine terminated polypeptide with formation of a thiazolidine 
ring. The addition of the first five polypeptides occurs within 2 h at 18 °C but ad- 
dition of subsequent peptide chains becomes progressively slower. After 67 h a 
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mixture of hepta-and octapeptide is obtained. The method which allows the use 
of unprotected polypeptides was expanded to other reactions producing oxime 
and hydrazone dendrimer-peptide linkages [150, 151]. These are, however, less 
stable than the thiazolidine ring at elevated pH. 



5.2 

Dendrimer-DNA Complexes 

Dendrimers with primary amines form complexes with nucleotides by electro- 
static interaction between the cationic ammonium and anionic phosphate 
groups [152-157]. Such interactions are also known to occur with polylysine 
and other linear polycations. The first account of such interaction has been de- 
scribed for the case of PAMAM dendrimers with plasmid DNA encoding for ei- 
ther luciferase or bacterial -galactosidase [156]. The complexation is moni- 
tored by DNA immobilization in electrophoresis [152, 155, 156] or by enhanced 
fiuorescence anisotropy [153]. Complexes are completely immobile when the 
terminal amine and nucleotide base stoichiometry is around 1:1 to 1.5:1 [152, 
155, 156]. Excess nucleotide shows no retardation of mobility, while excess den- 
drimer amine groups, i.e., 5:1 and higher, leads to positively charged complexes 
which migrate to the cathode [152, 155, 156]. It is observed that complexes are 
better prepared at low pH and low ionic strength [152]. Nevertheless, the den- 
drimer-DNA complexes are quite stable against variations in pH between 3 and 
10 [152, 155] with some loss of complexation above pH 10 [153]. Ionic strengths 
between 50 mmol/1 and 1.5 mol/1 are tolerated. Disruption of the complex is only 
effected with strong ionic detergents [155, 157]. An important advantage of the 
complex is that it makes the DNA quite resistant to nuclease digestion [157]. 

The structure of the dendrimer-DNA complexes is not well characterized. It 
has been estimated that under conditions of maximum transfection, i.e., the 
process of bringing the DNA through the cell wall into the cell, the size of the lu- 
ciferase plasmid is such that about 320 PAMAM dendrimers are present, al- 
though not all may be directly involved in the complexation [156]. Electron mi- 
croscopy suggests that the dendrimer-DNA complexes form condensed aggre- 
gates [157]. Delong et al. have studied the complex formed between a third gen- 
eration PAMAM dendrimer and a small 15 base oligonucleotide [152]. They 
found a broad distribution of MW by ultrafiltration with most material between 
10 and 30 kD. Light scattering experiments, however, are obscured by the pres- 
ence of a small amount of very high MW material. 

The PAMAM dendrimer-DNA complexes have been shown to promote trans- 
fection [152-156]. The earlier studies used reporter luciferase which allows for 
measurement of luciferase activity in host cells [155, 156]. Although there is 
some dependence on the cell type being invaded [155], experiments have shown 
that generations 6-8 dendrimers are most efficient in transfection [155, 156]. 
There is little transfection with generations 2-4 PAMAM dendrimers and no 
further improved efficiency with generations 9 and 10 dendrimers. The pre- 
ferred dendrimer to DNA stoichiometry is 5:1 or higher [155, 156]. It has since 
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become clear that perfect generation 6 PAMAM-DNA complexes are not effec- 
tively transfected [158]. Experiments with solvolytically degraded PAMAM- 
DNA complexes suggest that partially degraded high MW complexes are the 
true transfection agents. This has been confirmed by the synthesis of defective 
PAMAM dendrimers which on complexation with DNA showed high transfec- 
tion activity [158]. In the case of oligonucleotides, generations 4 and 5 are about 
equally efficient [153]. 

The uptake of the dendrimer-DNA is an active energy dependent endocytosis 
in living cells [ 155] . Flow cytometry has shown that the complex is located in the 
cell [152, 153] and microscopy shows cytoplasmic as well as nuclear uptake 
[152]. The cell uptake of DNA is also measured by its biological consequences. 
The biological activity of the DNA in the DNA-dendrimer complex seems to be 
reduced as less transcription to m-RNA is observed [157]. However, in cases 
where antisense oligonucleotides are transfected, the activity of a luciferase car- 
rying cell is downgraded by the introduction of an antisense oligonucleotide 
specific to a portion of the luciferase RNA. 

An important question in cell uptake of DNA is the potential toxicity of the 
dendrimer nucleotide complexes. In general, the toxicity has been found to be 
lower for dendrimer-nucleotides than for other transfection systems including 
polylysine [154-156]. 



5.3 

Dendrimer-Antibody Conjugates 

Antibodies are ideal for targeting specific cells due to their specific interaction 
with antigens on the cell surface. They can therefore be used as carriers of radio- 
isotopes, toxins, and cytotoxins to the selected cells. This method requires the 
linkage of the agent to the antibody without affecting the immunoreactivity of the 
antibody. Direct linkage of the agent to the antibody is known to be limited and 
to decrease the immunoreactivity. Roberts et al. coupled porphyrin molecules 
with a third (24 NH 2 groups) or fourth (48 NH 2 groups) generation PAMAM den- 
drimer and then linked rabbit immunoglobin by means of remaining amino 
groups [159]. The porphyrin rings have then been used to complex with radioac- 
tive ^^CuCl 2 . They established that the dendrimer is attached to the carbohydrate 
region of the glycoprotein and that the immune response is retained. 

Gansow and his coworkers developed conjugates of monoclonal antibodies 
and complexing agent modified PAMAM dendrimers [160] (Scheme 21). All re- 
actions are performed in water. After purification and creation of the sulfhydryl 
group these molecules are linked to monoclonal antibodies that have been pre- 
modified with maleimide groups. The dendrimer-antibody ratio is always near 
unity. The uptake of by the complexing sites in the conjugate takes about 
30 min at 35 °C and about 3 h at room temperature. The amount of labeling 
and the resulting radioactivity exceed by far that obtainable by direct linkage of 
the complexing agent to the antibodies. This result is obtained with loss of im- 
munoreactivity. 




Dendrimers and Dendrimer-Polymer Hybrids 



223 



SCN 






Scheme 21 





Scheme 22 




224 



J. Roovers, B. Comanita 



A fourth generation PAMAM dendrimer containing 48 amino groups has 
been boronated with Na(CH 3 ) 3 NBio^ 8^^0 followed by coupling with a thiolat- 
ed mono-clonal antibody via a difunctional linking agent as shown in 
Scheme 22 [161]. This sequence allows for the incorporation of 1700 boron at- 
oms per antibody. This level of boronation is potentially sufficient to deliver the 
required 10^ atoms of to each tumor cell and to sustain a lethal reaction of 
^®B with thermal neutrons. Although the boronated dendrimer-antibody conju- 
gate retained a high in vitro affinity and specificity for the antigens on B16 
melanoma cells, in vivo tumor uptake has been disappointing. A similar conju- 
gation has been performed between boronated PAMAM dendrimer and epider- 
mal growth factor, a polypeptide with 53 amino acid residues that can be trans- 
ported through the brain barrier and target brain tumor cells [162]. 

6 
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